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ABSTRACT

The (p,pn) reaction on four lp shell nuclei, 6ri, 982, 13c
and 12¢, as well as the 6Li(p,2p) reaction, have been studied at
46 Mev, The 6Li(p,pn) cross sectipn was found to be approximately
four tires that for (p,2p) and to have a very different angular
dependence., Both reactions show the s-state admixture in 6Li
observed with (p,2p) at higher energies. For all of the target
nuclei, the cross sections have features that cannot be fittea
by a renormalized PWIA calculation. A zero range distorted wave -
calculation was found to be in only fair agreement with the %Be
ang 13c data. The overall magnitudes of the results of the cal-
culation were found to be very sensitive to the RMS radii of the

bound state wave functions of the knocked-out neutrons.
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1. INTRODUCTICN

Reactions in which nucleons are knccked out of nuclei have
been successfully used in the study of nuclear structure within
the context of the single particle shall model of nuclei
(J66,J73) . This technidue is especially well established in the
region of relatively hiqh bcmbarding enerqy above 100 MeV. In
this -case, simplifying assumptions can be mad2 concerning the
reaction mechanism which facilitate the extraction of
unambiquous nuclear structure informaticn. As will be seen
later, in practice this advantage tends to be offset by tne
lowver quality of experimental data attainable at these
energies. . |

Larqgely for heuristic reasons, a very siaple picture of
one reaction mechanism, quasi-free scatfering, will be
summarized. The major assumptions are that the interaction
between the proiéctile, hereafter assumed to be a proton, and
the ejected nuclecn is the same in the presence of the residual
(core) nucleus as 1in free sbace and that the interaction
between the scattering nucleons and the core can be neglected.
In a kinematically ccmplete experiment, the mcmentum vactors of
the two nucleons in the final state ar2 measured, theraby
determining the momentum of the <core niucleus via kinematic
relations. Under the above assumptions, the momentum of this
particle is the =same after the reaction as before and, of

course, 1is equal and opposite to the initial monentum of the
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ejected nucleon. Thus, in this simple picture, the single
particle momentum wave function of the ejected nucleon can be
directly determined by ‘measuring the knock-out cross section
over a suitable range of final‘state kinematic conditions. The
expression for the cross section in this so-called Plane-dave
Impulse Approximation (PWIA) is (370)

d’c _ do la 271
dQ, dQadE, PSF dﬂ).-., P

wvhere PSF is a factor involving kinematics and phase space

density, {ié%) is +the <cross section for the scattering of
protons on tﬁz ejected nucleon evaluated in their centre of
nass, 96 is the bound state momentum wave function of the
ejected nucleon and -hHK is the mcmentum c¢f the residual
nucleus.

The‘ quasi-free process described by thé above assumbtions
can be illusfrated by means of a Feynman diagram (S66). Since
this type of process occurs most readily on the periphery of
the nucleus, the corresponding diagrams are called peripheral
diaqrams. Pigure 1.1 shows the diagram for th= knock-out of a

nucleon fan from a target nucleus "A" by a fprotcn "p" leaving a

residual core %"C",

n

C

AN
7 ———

FPiqure 1.1: The Peripheral Diagram for a ©Nucleon Knockout
Reaction
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At the vertex on the lower left, the nucleus A 2aits a virtual
n which then interacts with the incident p at the top vertex.
The amplitude for this diagram invclves the product of the
amplitudeé for each of the two vertices. That fdr the lower
vertex gives rise to the third factor in formula 1.1
representing the momentum distribution of the virtual n. The
amplitude for the upper vertex is that for off-mass shell
proton-nucleon scatterinq; It is off the mass shell ba2cause the
enerqy by which the nuclecn is bound to the core causes the
total energy in the centre of mass of the scattering nuclaoas
to be smaller in the final state than in the initial state.
This amplitude ‘has been approximated in the second factor of
formula 1.1 by the experimental on-shell amplitude. .

Expressing the <cross section in this manner further
implies that there are no other ccmpeting diaqrams makiny a
significant contribution. This is clearly not the case. There'
are lower order processes such as elastic and inelastic
scattering which kmai be considered to be removing incident
flux. As well, there are other second-crder diagrams yielding
the same particles in the final state as in the quasi—ffee
process shown above. Some of these are experimentally
distinquishable from quasi-free scattering in that they
seiectively populate distinctive regicns of final staté phase
space. An example is the so-called sequential process of fiqure
1.2 in which fhere is formad an intermediate excited state of
the nucleus A. Such a process is recognizable through the fact

that the enerqy of particle p is fixed for any particular




scattering angle,

A%* n

Fiqure 1.2: The Feynman Diaqgram for a Sequental Reaction

Higher order diagrams have also been found to be
significant in some cases. They are protably resgonsible for
the large differences between the cross sections for D{p,2p)n
and D(p,pn)p (P70,P71).

Notwithstanding that  its assumptions are clearly invalid
even at high energies, the PWIA has remained a useful mod-l.
This is probably due to the fact that the most important
discrepancy between its predictions and experimental results is
attributable to the absorptive effects of the core. Often the
most noticeable of these effects is an cverall reduction in the
observed cross section while, in other respects, there is fair
agreement with = the PWIA in the region of phase space
appropriate to quasi-free scattering.

It is straightforeward in principle to approximate in
calbulations the diffractive and absorptive effects of the core
nucleus through the use of optical modsl wave functions in
place of plane waves. However, it has been inferred from a
study of the (p,2p) reaction at 50 MeV on sevaral 1p shell

nuclei (J71) that, to a deqree proraortiocnal to the binding
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enerqy of the ejected proton, another effect of the presence of
the core is important and difficult to inclule in calculations.
At this enerqgy, the distortions <cause the kncck-out cross
secton to be sensitive to rroperties of the nucleon-nucleon
interaction not determinable frcm two body scattering
(off-enerqy-shell effects). Consequently, present reaction
théories appear inadeqﬁate with respect to the knock-out of all
but very lightly bound nucleons. Available target nuclei having
such valence protons are very scarce.

It happens that there are three 1p shell nuclei with
relatively liqghtly bound valence neutrons. These nuclei and the
respective binding energies are: 6Li 5.66 MeV, 9Be 1.66 ¥eV,
and 13C 4,95 MeV. It was decided to undertake a study of these
tarqgqets using the (p,pn) rection at 46 MeV in spite of the
édditional experimental difficulties in order to explore the
possibility of obtaining nuclear structure information through
the aprlication of available reacticn theories. The (p,on)
reaction is one of the few available tocls for investigating
the properties of individual neutrcn subshells. Also, since
there has been almost no investigation of the (p,pn) reaction
on nuclei other than deuterium, it was ccasidered of interest
to ccmpare (p,2p) and (p,pn) measurements on nuclei which are
expected to have structiures similar with respect to protons and
neutrcns, One such nucleus is the above-mentioned 6Li and
another 1is 12¢, Because the latter has such a large nautron
seperation energy (18.72 MeV), the cross section is expected to

be: tco small to permit an extensive study. However, the (p,2p)
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reaction on 12C has already been measured (P67) so it was
desirable to perform the (p,pn) measurement for at least one of

the same angle pairs,
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2. THE MEASUREMENIS

Reactions in which a nucleon is knockcd out of a nucleus
result in a three-body final state. One of these bodies, the
residual nucleus, may be 1left in an excit21 state. In the
praesent work, the final state was ccampletely determinad
kinematically by measuring the energies and direction vectors
of the two nucleons. These quantities determine through
momentum and energy conservation the mcmentum of the residual
nucleus which is of prime interest as discussed previously.
Then, with all three kinetic energies known, the Q-value of the
reaction and hence the excitation energy of the residual
nucleus can be calcuiated. This | degree of kinematic
determination o¢of the final stéte is illustrated by the fact
that, on a diagram whose axes represent the energies of the
detected particles at a particular pair of angles, events in
which the residual nucleus is left in a given state will lie on
a characteristic line, hereafter referred to as a "kinematic
locus",

An important experimental parameter is the resolution with
wvhich the recoil mcmentum is deterrined. In the current
experiment, the primary contribution tc this resolution is fronm
the finite solid angles subtended by the detectors. Of course
the2se are made as large as rpossible without incurring a
nomentum r2soclution that would obscure infcrmation about the

momentum distribution of the recoil nuclaus. The effects of
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finite resoluticn are particularly significant near zero
momentum since, in a kinematic situation where zorc womentum is
obtained at the central or ncminal values of all measured
angles, all departures from these values will increase the
actual momentum. It follows that a distribution which has a
minimum at zeroc nmomentum will appear "filled in". The recoil
momen tunm resoluticn resulting frcm detector =so0lid anjlas
typical of those used in the present work was calculated using
a code called MOMERATH (W69) in order tc cenfirm that thare
would not be excessive distortion c¢f mcmentum distributions

that could be expected from the target nuclei being considered.
CHOICE OF GEOMETRIES

Aside from a plethora of recent wcrk cn deuterium, mnost
hucleon knock-out reaction measurements have been of angular
correlation distributions with the final state nucleons having
equal energies and angles. This is a tradition inherited from
early work at high energies (T€6,G62) usihq magnetic
spectrometers which were not aprropriate for recording encergy
spectra.; This tradition was consolidated by the fact that the
most prominent theoretical calculaticns using distorted wavaes
(L66) were also restricted to this type of final state.
However, incident energies below 5C MeV peramit the use of solid
state charged particle counters so that at each angle pair,
conrlete correlated enerqy spectra may be eisily recorded. This
‘makes necessary a choice between acquirinj enarqgy spectra #with

qobd statistics at relatively few angle pairs or with




necessarily poorer statistics at a larger set of symmetric
angle pairs. Data acquired wvia the latter scheme can e
compared with the calculations mentioned above by integrating
each enerqy spectrum over a small reqgion about the point of.
equal energy sharing. Unfortunately, this means that most of
the information inherent in the shape of these spectra is
discarded so that exberimental time is less effectively used.
Furthermore, the existiﬁq theoretical ccdes for analysis of
(p,2p) data are inapplicable to the (p,pn) reaction. The
redeve;opement of such a code coﬁld include a qeneralization to
any final state kinematic confiquraticn.

In view of these considerations, it was decided to acquire
enerqgy correlaticn spectra at each of several asymmetric
quasi-free angle pairs as wvell as at a few symmetric angle
pairs both more forward and backward than the symmetric
quasi-free anqles. The term "quasi-free anqglz pair" here refers
to those angle pairs at which there exists a point in the
enerqgqy spectrum where the mcmentum of the recoil particle in
the final state is zero. At an incident enerqy as low as 50
HeV, these angle paits are closely approximated by the possible
two-body final state  ang1es for the reaction heuristically
described as nucleon-nucleon inelastic scattering with a
negative Q-value equal to that of the kncck-out r=action
studied. Of course, the reason for choosiag gquasi-free anijle
pairs is that, at each of them, a distributicn in recoil
momentum is obtained which extends dcwn to zero. Thus, the

acquisition of energy correlaticn spectra at several gquasi-free
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angles furnishes infcrmation that is ccnsiderably redundant in
some se¢nse., It is reasonable tc hope that this will be helwnful
in sorting out the effects of complexitics in the reaction
mechanism from manifestations of the structure of the target

nucleus,
CHQICE OF BEAM ENERGY

Analysis of the data was expected tc invclve the impulse
approximation, the validity of which is known toc improve as the
incident enerqgy increases. Therefore, the experiments wvere
performed at the highest enerqy, 46 MeVv, at which the
University of Manitoba sector-focussed cyclotrcn could produce
a proton beam of sufficient intensity (approximately 50 na. of
momentum~analyzed beam). ‘In addition, during the 6Li (p,2p)
measurements, sufficient experimental time was available to
acquire data at 38 MeV in order to investigate the energy

dependence of this cross section.
CHOICE OF BEAM CURRENT

The magnitudes of the <c¢ross sections measured in the
present work fall in the range of 40 to 200 Mb/ (sT? MeV).
Consequently, the dominant contribution to uncertanties in the
relative values of the measured cross sections is statistical.
The experimentally measured parameter is ths rate at which two
nucleons in the final state are detected in ccincidznce. Since
in the ©present wcrk the rate of chance coincidencas was

significant in comparison, an independent sample of chance




coincidences was simultaneously recordedi and subsequently
subracted. The statistical uncertainty in the result is a
function of both the reaction and chancé coincidence rates. The
properties of this function need be considared in the choic2 of
experimental parameters such as beam current. |

Let Nr and Ng be respectively the average expected values
for the number of reaction and chance coincidence events
record=2d in any particular reqion of final state phase space
during a measurement of time lenqth T. Then N=Ng+Ng events will
be. intermixed as one direct result of the measurement froa
wvhich are subsequently subracted Np independently recorded
events constituting the samrle of chance coincidences. The
statistical uncertainty in this difference will bevﬁanz'so

that the fractional uncertainty in the measurement of Ng is

Y N+ Ne _ \/1 gNe.
“N- Ne . Nr

= N~ Ne Na?
Now ‘ = d3c =
NR clmﬂ,dﬂq&f) PQ,QQ t'LT- /&nb T
d . do 1T
an Ne = SZ )' m).ﬂn, aTE BT

where b 1is the beam current during the nmeasurement (assumed

constant), ke 1is the product of P, the phase space voluna,

430
éfldﬂhAP

anqgles, and t, the target thickness, “{ is the coincidenca
resolving time and Ji—-) and 7;%;) are the sums of the cross
a

sections for all reactions producing counts in the respective

he reaction cross section,_("l',ﬂ_a the d2tector solid

'detectors. Thus
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2 = ., ax ) )
- 2 d3c-
e b T P11, Qo T(m arz..,JP)

The second term can be considered to be the contribution
frcm the chance <coincidences. Probably the most significant
(and least universally recognized) roint about this term is
that it is independent of beam‘current notwithstanding that the
ratio of chance to reaction <coincidences may be made
arbitrarily 1large by increasing the beam current. Of course,
the 1latter has the benefit of decreasing the other tera.
However, even if ﬁnlimited team intensity were available, it is
otherwise 1limited by the <count rate capability of present
charged pdrticle detection systems. The charge collection tiae
for the type of 5 mm. thick silicon detectors used in this work
is of the order of 100 ns. Significant loss of energy
resolution will be incurred if the time <constants of the
associated pulse-shaping amplifier are not large in comparison
with this value. One reason for this is that the charge
collection time 1is a function of the spatial diStribution of
the released charqge carriers in the detector. Pulses generated
by the shaping amplifier that are seperated in time by less
than their zero-to-peak rise or fall time, whichever is larger,
suffer a loss of pulse height infcrmation and so must be
detected and prevented frcm contributing to the result of tae
measurement if their rate of occurence is significint. From the
fact that the time distribution of the pulses is described by
Poisson statistics, it follouws (E5S) ‘that the fraction of

pulses that are "piled-up" is 2Tn whers T 1is the




above-mentioned minimum allowable time seperation and n is the
counting rate. (Note that this accounts for the elimation of
two pulses per pile-up occurence; the pile-up rate is Tn2). For
each charged particle detection system, both the total number
of pulses, N, and the number of pile-ups, Np, must be counted
during the measurement and used tc correct the data for the
losses by dividing the result by 1-2Np/N. It is clear that
there 1is no point in employing a beam current hiqgher than that

which yields an overall piled-up fracticn of 50%.
PULSE PROCESSING POLICY

A common feature of all measurements was that as much
information processing as possible was done with the on-line
computer rather than by special purgose electronic circuits.,
Essentially all pulse height information was digitized and
logged on magnetic tape as well as prccessed for the purroses
of on-line displays and plots. It was also possible to use the
results of the online processing to restrictv the logging
process to specific catagories of events in order to prevent
the recording of excessive amounts c¢f data from extran=ous
events. Examples < of the online processing done was the
discrimination of protons frcm other charjed particles and of
neutrons from gamma rays. This was repeated in a more
comprehensive form as part of fhe off-line reduction of the

logged data.
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TARGETS

The 6Li targets were self-supporting foils of thickness
approximately 8 mj/cm2 and isotopic purity 99.34. They ware
prepared by pressing a lump of the metal between two flat
tool-steel surfaces using a force cf arrroximately ud tons.
During this process, the 1lithium was kept vet with oil to
prevent oxidation. It was necessary to place layers of .001;
inch polyethylene film between the steel surfaces and the
lithium in crder that they be separable aftar pressing. Even
though much of the pélyethylene flcwed out under pressure,
enough remained to accomplish its purfpose. The following steps
were taken to prevent oxidation during transfer of the targats
to the scattering chamber. The chamber or tarqg2t lock, as the
case may be, was evacuated and vented to argon gas. This
permitted the top to be removed for a few minutes without
adpitting a significant amount of air in the region of the
target ladder. A Dbeaker of trichlorethylene was lowered into
the argon atmospheré and the target which had been mounted on a
frame while still wet with oil, was washed in the solvent to
remove the oil and then quickly mounted.on the target ladder.
The chamber was then evacuated immediately.

Each target's thickness was determined by measuring the
elastic scattering cross section at a few scattering angles
using the same detectors as in the correlaticn cross section
measurement. The values obtained were normalized to published
cross sections (B72). Since the same angles and beam enerjyy

vere used for -these purposes during both the (p,2p) and {(p,pn)
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measurements, errors in the published data would not be
roflected in the ratio of the (p,2p) tc (p,rn) cross sections,

The 9Be and 13C targets uWere ccminercially obtained
(E72,é72) self-supporting £fcils of respective thicknesses 4.7
and 7.0 mg/cm2, The latter was isotcpically enricned to 95.73.
Since the neutron separation enerqy for 12C is about 14 MeV
greater than that for 13C, there was no difficulty 1in
eliminating the contributicn of the fcrmer.

A method wused by Pugh et. al (P67) was followed in the
preparation of the 12C tarqet foil. Several layers of filter
paper of 1low ash content nofmally used for quantitative
analysis were charred in a vacuum while prassed batween quartz
plates to prevenf wrinkles from develoring. Thé teaperature was
slowly raised to cherry redness over a period of approximately
half an hour and left there for about an hour. Non-uniform
shrinkage and the conseguent probability of tearing was avoided
bv heating uniformly over the whole surface. Th= result of this
method was a satisfactorily rugged foil. Its thickness of 8.86

mg/cm? was determined by weighing a known ar2a.
THE 8Li(p,2p) EXPERIMENT

The proton knockout experiment was performed in a 28 inch
diameter precisiocn scattering chamber. It is located in the
beam 1line 1labelled "459 riqght line™ on figure 2.1 which shows
the layout of the experimental area. The mcaentum analysis
afforded by the 459 bend in the switching magnet yields a bean

enerqy' spread of 150 KeV. On this beam linz, thz energy of the
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beam'is datarmrined through measurement of the magynetic fiald in
the ‘switchinq magnet by the nuclear umagne2tic resonance
technique. The relaticnship between the maynetic field anl the
beam enerqgy had Freviously been <calibrated using tne
"cross-over® method (B€Uu).

The 28 inch scattering chamber  has tdo
independently-rotatable freon cooled detector platforms. On
each of these wés mounted a detector telescope cousisting of a
200 hicron thick "delta E" silicon surface barrier detector
followed by a 5 mm. thick lithium-drifted silicon "E" detector
and a "veto" detector. The collimators subtended vertical and
horizontal angles of 4,.,6° and 2.3% respectively. For each 6f
the tvo telescopes, the relationship betwean the enerqgy
deposited in the *delta—-E" and "E" detectors was used in the
identification of the detected particles. The presence of a
siqnal from the veto detector indicated that tha energy of *he
particle was above the range of interest and so was usad to
inhibit the recording of the event. This informatibn could have
been gleaned from the energy lost in the first two detectors
had such events been recorded but this would have unn2cessarily
increased the computational load on the computer as there was a
relatively large count rate of high enerqgy
elastically-scattered protons in chance ccincidence; Timing
information for the implememtation of the fast coinciience
requirement was derived from the delta-E letectors. Thair
relatively 1large area of 200 mm2 and small thickness Ware

chosen to respectively rminimize radiation damage and maxinize
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the energy range of identifiable protons. However, both these
characteristics reduce the effective siqnai to noise ratio with
respect to time resclution so that special measures «ere
necessary to reduce the effects of r.f. noise g2nerated by the
cyclotron. |

A block diagram of the electronics is shown in figure 2.2.
All modules were obtained commercially. Th2 main pulse shaping
amplifier employed qauséian active-element shaping technigques
with time constants of .5 micrcseconds which permitted pulse
rates of over 50 KHz. Their outputs passed through d.c.-coupled
amplifiers into the base-line restored inputs of the ADC linear
gates which were opened by the fast coincilence condition. The
output of the ‘charge sensitive preanmrlifiers for the delta-E
detectors were also passed through a d.c.-coupled wide band
amplifief vhose output impedance was mpodified to match as
closely as possible the 50 chms cable attached so that .
reflections arriving back at this cutput were completely
absorbed., This was in order that a shorted leﬁqth of cable
whose delay vwas edual to 3/2 r.f. periods could be attached at
the high~impedance input of the next asplifier so that r.f.
noise was cancelléd by the reflection at this gnint. The cable
delay was long enough so that there was no effect on the
leading edge of the pulses. Timing information was derived from
the pulses by means of a combinaticmn of timing-filter
amplifiers which provide an adjustadle band-pass and
constant-fraction-of-pulse-height discriminators. The fast

coincidence requirement Was implemanted with a
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time-to-pulse-height convertor (TAC) whose output was digiticed
and recorded by the computer so that long tera timing drifts
could be noted and accomodated during data reduction. A tiame
resolution well within the beam burst separaticn was obtained.
As explainad previously, the data acquisition rate was limited
by the piling-up of pulseé in tte sharirq amplifiers so that it
was necessary to detect and discard events involving th2se
occurrences. This was done for e€ach detector telasscope by é
pile-up gate which generated an output used for inhibitinjg or
resetting the TAC whenéver two input puls2es arrived within 3
microseconds of one another. Both the total number of input and
output pulses of the pile-up gate wer2 scaled so that the
previously-mentioned correction cculd be aprplied during data
reduction. Thg TAC was also inhibited by the detecticn of any
particle in the veto detectors.

During one experimental run, it was found that one S mm.
Si(Li) detector rroduced substandard signals for a very small
fraction of particles stopping in it. The fraction was small
enough that the 1loss of events was negligible. However, the
cross section for the 6Li(p,pd) reacticn is many times that for
6Li(p,2p). The faulty detector caused some deuterons to be
mis-identified as protons and simultaneously changed the final
state kinematics to match those c¢cf a (p,2p) reactioh,
Fortunately it was [fossible to eliminats taxes contaminating
evants by effectively measuring the charge collection tim=2 in
the detector. The method used was a fora oOf pulse shape

discrimination. The output from the <corresgoniing shaping
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amplifier vwas applied to a constant-fracticn-of-pulse-height
single channel analyzer which triqqers cn the trailing edge of
the pulse. An additional TAC was used to record the time of its
output relative to the pteviously—discussed fast timing signal
frdm the delta-E detector in that telescope. The correlation
between this fACAoutput and the enerqy recorded in the faulty
detector revealed a .distinct characteristic of the invaligd
events which could be ‘used to eliminate them. Since this
restriction was arplied in the form of a veto, there was no
risk of 1losing valid events through less than 100% efficiehcy
of the single channel analyzer which was operating at a high
‘count rate. |

Typical meésuremént periods for one angle pair were about
4 hours. This provided épproximately 7% statistical accuracy

for the typical cross section of .04 mb/(sr2MeV).
THE (p,pn) MEASUREMENTS

ﬁxpériments involving the detection of unchatqed neutrons
pose many problems not encountered with charged particles. The
neutfon's enerqy is measured through its time of flight so that
a major effort is wusually required to obtain the best time
resclution possible. Detection qf the neutrcn is accomplished
indirectly through its interaction with nuclei in an organie
scintillator; hence the efficiency of the detector is much less
than unity and is a function of neutrcn energy. This means it
must be obtained by direct measurement cr sophisticated

calculations invclving various assumptions. Finally, there is




the ditficulty in avoiding the detection of neutrons geunerated
by reactions occuring c¢ther than in the targcet. For example,
the beam dump usually produces a neutron flux saveral oidars of
magnitude larger than that from the target. In a correlation
experiment such as (p,pn), this flux will ccntribute only to
the chance coincidence rate but, in the present casc, the
contribution to the total experimental uncertainty from the

randons was significant.

Beam Transport

Background flux was minimized by the design of th=2 b~am
line used for the (p,pn) measurements. It is labelled "150 left
line® in fiqure 2.1. After passing through the target in the
"16v inch chanber", the beam Qas transported across the
ﬁnderqroﬂnd rcom by another quadrugpcle doublat into a hole
extendinq approximately 8 m. into the wall and4 the clay behind
it. The Faraday cup for stopping and measuring the total charg=
of the beam flux was locatad approximately 5 nm. ihto the wall,
the remaining space allowihg the predominantly forward-diracted
flux to proceed as far as tossible from the orening in the wall
before encountering material from which it could back-scatter.
It was found that there was a significant "halo" to the begm
vhich generated .bacquound wken in ccllision with the bean
pipe. " To minimize ths effects of this, 6 inch beam pipe was
used after tﬁe'quadtupole doublet imrzediately downstream from
the 16 inch chanber. In addition, a special section of pipe was

constructed to vclosely £fit the pcle faces of the U4 inch
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gquadrupole magnets. The latter provisicn acccmodated .the
temporarily defocussing effect of the first quadrupole in the
doublet., By comparing the becam current in the Faraday cup with
that measured on a screen upstream frem the scattering chamb=r,
both with and without a 12C tarqet in position, 'it was
ascertained that multiple scattering by the target caused a
loss in beam transmission of less than 2%.

Because the beam is bent through the relatively small
angle of 15° in the beam switching magnet, the momentum
analysis yields an energy spread of approximately MOQ KeV in
this beam 1line. However, this is adequate for wmany knockout
reagtion studies..

The beam spot at the target position was contained within
an area 1/8 inch wide by 1/4 inch high. Since this was smaller
than the proton detector aperture, its ccntribution to the

overall angqular resclution was less important.
The Scattering Chamber

The 16 inch scattering chamber (shown in figqure 2.3) was
designed to have as 1low a maés as possible to minimize the
scattering into the detector c¢f neutrcns produced in the
target. To obviate corrections for neutron attenuation and to
permit the detection of charged particles outside the chauber
at almost any scattering angle, the wall cf the chamber in the
scattering plane consisted of "Kaptcn-H" fcil. The atmospheric
load on the 1lid was supported by six pillars which could be

moved to angles which caused the least interference to the
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Fig. 2.3 A cross section of the 16 inch scattering chamber used for
the (p,pn) measurerents. The labelled components are as follows:

l. "Kapton=-H" foil of thicknesses 2) .005 inches b) ,003 inches.

2., Moveable pillars 3. Rotating hub for detector platform.

4, Target ladder 5. Target ladder clamp 6. Stainless steel
standoff for cooling lines 7. Cooling lines 8. llylon support

for detector platform 9. Mount for NaI(Tl) cetector assembly

10, Solid state detector cube 11. Aluminum wall of chanber

12, Liquid nitrogen reservoir
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particular measurement oeing made. A ccoled rotatable tanle for
mounting sclid state charged particle detectors was built into
the floor of the <chamber which was made rigid enouq% to
maintain alignment under atﬁospheric load by a steel rib
structure. Liquid ritrogen was the cccling medium. A small
storage container of approximately 1/4 1litre capacity was
soldered to the bottom of the detactor platforam and was filled
autcmatically by a level sensor inside the ccntainer. Thermal
isolation together with mechanical rigidity were provid=4 for
the Jdetector platform by a box~shaped structure of pillars and

cross members machined from a single piece of nylon.
The Proton Timing Signal

The neutron time of flight was measured using the signal
from one of the proton detectors as a reference as this yields
better resolution and stability than the microstructure of the
cyclotron beam. However, special measures are ncessary to
obtain this resolution without sacrificing energy resclution.
Since the wusual "charge sensitive" inteqrating preamplifiers
used with so0lid- state detectors throw away a great deal of
timing information, a technique developed by Sherman, Roddick
and Metz (Shé8) was adopted which employs a seperate fast
voItaqe-sensitive preamplifier to provide the timind
information. This preamp detects the vcltage across the
~detector itself which in enhanced to a rzasonable lavel by an
inductor introduced in series with the input to the usual

charge sensitive preamp so that the charge ccllected on the
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detector.is blocked with a time constant of about 100 ns. Since
this is small compared to the éhapinq amplifier time constaats,
the effect on energy resolution is small. In order to miniaize
the capacitance in parallel Wwith the_ detactor, the timing
preamp was mounted inside the scattering chamber and connected
to the detector by 'only about two inch2s of cablz. A nylon
standoff between the preamp and the detector platfcrm provided
thermal insulation. This prevented the temperature of the
electropic components in the preamp frcm falling below their
operating range.

Silicon surface barrier detectors have the best timing
characteristics of solid state detectors. One of these was used
for this purpose. It also provided the “delta-E" signal for
particle identification and the elimination of high energy
protons ’vhich passed th:ouqh all the detectors. The technijues
used for these purposes are described later in the section "The
Online Computer",

Considerations entering into the choice of the thickness
of the timing detector included the fcllowing. The time
resolutién, r, is given by

r = Vy/(dv/at)
vhere Vy 1is the equivalent EMS noise voltage referred to the
input of the timing preamp and V(t) is the signal voltaqé
induced by the charge collected across t= detector. dvydt is
evaluated at the triggering threshcld. In order to relate this

to D, the detector thickneSs. the following approximations are

made.




PAGE 24

dv/dt « Vv /T
where V 1s the maximum siqnal voltage and T is the detector's
total <charge <collection time. Now, in the worst casa, whera a
high enerqy proton deposits the least enerqgy in the detector,

V o dE/C & D2
where dE is the enerqy lost which is prcpcrticnal to D and C is
the total capacitance of detector, signal 1lead and preamp
input. If that of the detector dcminaﬁes, C « 1/D. Finally,
T XD since the electric field strength that can be sustainad
is roughly independent of thickness. Therefore r & 1/D.
Hovever, as the thickness increases, the cost of the detector
ultimately rises very quickly. Also, as tlke capacitance falls
and becomes - ccmﬁarable to the stray capacitance, the
improvement in resclution becomes less significant. In the
present case vhere solid angle requirements dicfated a detector
area of at least 100 mm2, these factorsvlimited the thickness
to about 750 microns.

The mobility of éharge carriers in silicon increases as
the temperature in reduced. Fortuitously, measurements (M69)
indicate that the wminimum ccllecticn time is attained at
approiimately the boiling point of nitrecgen, 77°K. Furtheranore,
detector noise is reduced. Very significant improvements in
time resolution * were obfainéd in the presant case by cooliné

the detectors with liquid nitroqeﬁ°
The Proton Detector Telescope

Either a S5 mm. Si(Li) detectcr or, cn one occasion, a

-
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NaI(Tl) écintillator was mounted behind the timing detcctor.
Using only these two, no proton with an enerqgy less than 10.5
MeV could be identified since it was stopred in the first
detector. In order to include 1lower enerqy protons in the
measurements, in scme cases a 200 micren thick surface barrier
detector was added in front of the otaers. This meant
approximately 5 MeV protons would deposit sufficient energy in
the timing detector to prodtce adequate time resolution. For
the sake of convenience, the three detectors will henceforta be
callad epsilon, delta and E in physical crder. All thrcoe vwere
incorporated in vparticle identification wusinjy the on-line
computer. The particle flux entering the detectors was
collimated by a copper.,slit barely thick encugh to stop the
highest energy proton. It subtendsd horizontal and vertical
angles of 2.4° and 4.7° respectively. A magnetic £ield
generated by a small permanent magnet was used to prevent
detector damage by the large fluxes of low eneryy electrons

L

scattered from the target.
The Neutron Detec;or

During the early develofrment stages, an attesmpt was made
to use a plastic scintillator as the neutrcn detector. It was
foﬁnd that thére was an unexpectedly high gamma ray backq:ouné
flux contributing to the chance ccincidance rate andi that the
contribution of the latter to the total statistical uncertainty
in the data could be considerable. By manipulating varinus

forms of directional ad hoc shielding, it was deduced that auch
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of the Dbackgqround flux was isotrcgic 1in space as w2ll as
uniform in time. Frcm the pulse height spectra, it was surmised
that an important part of it was due to therwalized neutron
capture by the hydroqen component of the ccncrete walls of the
room. In view of this situaticn, it was considered necessary to
discriminate ‘between neutrons and gammas. Resort was made to
Ne213 (N71) liduid scintillatcr contained in a 5 inch lonyg by
4,5 inch diameter cylindrical capsule mounted on an RCA 4522
photomultiplier tﬁbe. Because the photocathode of the latter
vas operated at negative high vcltage, the scintillator can was
also connected to this potential to prevent possible
electrolysis of the faceplate and consequent poisoning of the
phbtocathode. - The inside of the capsule was coated with
isotropically-:eflectinq white rpaint. It was found that a
standard  technique for pulse shape discrimination which is
described below provided the.means of distinguishing neutrons
from gampa rays.

The time rescluticn of these detectors proved to be
significantly better than could bLke expectel from sinmple
cohsiderétions invelving uncertainties in the neutron flight
path due.to the length of the scintillator. In c¢ther woris, the
effective speed cf light in the propaqaticﬁ from the locality
of '~ interaction in the scintillator to the photocathodz is
considerably less than is expected frem the 1iniex of
refraction., This 1is probably due at 1lecast 1in part to the
excellent reflective properties of the paint on the inside of

the scintillator cans.

-
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For some of the measurements, two of these scintillator
assemblies were stacked vertically to increase the detector
solid angle. Tyfrical fligqht paths ranged frcm 3 to 4 metres,
They were chosen to have the minimum lengths that would satisfy
both the requirements that the neutron 2nergy resclution'be
sufficient to resolve states in the residual nucleus of the
reaction being studied and that the angular resclution be smali

enough to yield an acceptable recoil mcmentum resolution.
The (p.,pn) Electronics

A schematic of the maximal ccnfiguration of the
electronics wused in the (p,pn) measurements is shown in figure
2.4. The linear fulses from the sclid state proton detectors
were treated in a manner similar to that already described for
the (p,2p) measurements. The primary ‘difference, already
mentioned, is in the method of obtaininj timing information
from the delta detector. Folléwinq the vcltage sensitive preamp
mounted inside +the <chamber, the sequence of fast wide-band
amplifier, r.f. clipping stub, iiminq filter amplifier and'
constant-fraction-of-pulse~height discriminator are again the
same except that, 1in this case, the lenqgth of the stub, tne
time constant‘of the filter amplifier and the shaping delay of
thé discriminator were all considerably shorter. Respectively,
these were 1/2 r.f. wavelength, 10 ns. differentiation and
about 5 ns. The time rescluticn of this ccnfiguration was
measured using proton-proton elastic scattaring with one final

state vproton _passing through the delta detector and the cther
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stopping in a small plastic scintillator moiunted on an RCA 8575
photomultiplier tube. "Including the contribhution from both
detectors, the resolution was 350 picos=econds. From similar
tests using two such scintillators, it was known that its
contribution was smaller than that o¢f th2 delta detactor
system. Since monoenergetic protons were used in these tasts,
no indication was obtained of the relative magnitude of timing
"walk" {systematic variation of time as a function of pulse
height). However, in a correlation experiment such as this,
timing walk will only distort the energy correlation spectra in
the direction of the neutron time c¢f flight axis, which is
unimportant since the final state is kinematically
over-determined. .

It vas found nééessary to deliberately incur an
approximately 200 ns. period of "dead tima" fcllowing =2ach
trigqger of the constant fraction discriminator. This was in
order to eliminate scme "double pulsing" due to the complex
shqpe of the pulses entering the discriminators. Even a small
amount ‘of double pulsing would have invalidated the operation
of the pile-up gate which was used to detect ani reject pulses
ocurring Qithin 3 microseconds of one another, as in the (p,2p)
measureménts. The dead tinme period resulted in approximately 7%
of . the pile-ups escaping detection but tha pileup rate was
typically less than 20% of the total counting rate in the delta
detector.

A sample of chance coincidences wero recorded

simultaneously with the reaction data. Special fprecautions were




taken because the <coincidence requirements and the time of
flight nmeasurement are so closely related. Chance coincideaces
vere generated by causing each Ffulse from the proton
discriminator to produce two pulses saparatel by an eﬁact
multiple of the cyclotrcn r.f. period. It was necessary that
this separation period be 1lcnger than the range of useful
neutron times of flight and that it be such a multiple bzcause
of the possibility of a cyclical variaticn in the intensity of
the total flux arriving at the neutron detector. Four r.f.
periods or 140.4 ns. was chosen for the delay. Relative delays
between the two detector systems were arranged so that the
second of the pair of pulses generated the reaction
coihcidences. This was because it was ccnsidared less likely
that a proton rather than a neutron from a reaction would be
inordinately delayed to the extent that it wculd erroneously
appear in the sample of chance coincidencas. The seccnd pulse
was generated by connecting to the bridged high impedance
output of a logic fan-out module a precisely calibrated length
of delay cable which was open at the cther 2nd. In general,
long delay cables transmitting fast ©NIY lojic pulses wers
constructed of RG 8/U type cable to prevent attenuation of tne
pulses to substandard levels.

A fast d.c.~coupled gating system was employed to "start®
the TOF (time-of-fliqht) TAC cnly when an event ocurrad with a
time of flight in the range of interest. This not only
virtually eliminated TAC dead time but also afforded

convenience in that a relatively early signal was available

[y
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which indicated a wvalid time of flight and the tiwme dolay of
wvhich was fixed relative to the neutrcn detactor signal. The
gate producing this signal will be henceforth called the TOF
gate. Its input from the proton detector was in the form of two
stretched pulses seperated by tte previously nmentioned 4 r.f.
periods. Their width determined the ranges of acceptable tinmes
of £flight. If the pulse frcm a neutron detector timing
discriminator fell within one of these gating pulses, it
identified a chance or reacticn ccincidance event,
respectively.

Signals were used from Lkoth the anodes and dynodes of
neutrdn detectcr photcmultiplier tubes. The anodes suppiied
both timing information and pulse heights for threshold
determination. Simple resistive netvorks were used to split the
anode siqgnals so that 1/4 of their amplitude was gated and
inteqrated to fcrm the "pulse height" sigral and the rest was
applied to the constant fraction discriminators. "Pulse shape
discrimination” for the elimination of gamma rays was performed
using the dynode signals. The dynode signals of the two tubes
Wwere integrated by scintillator preamps before being mixed
together and applied to the input of a double delay line
shaping amplifier with a time constant of .8 microseconds. rhis
method of pulse shape discrimination relies on the fact that a
liquid organic' scintillator such as that being used here
produces 1light pulses that consist of two distinct componenfé
which decay in time with different decay constants. The

relative intensity of these two componants depends on the

-
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ionization density of the charged —rparticle to wihich the
incidént uncharged particle has transferred scme of its energy.
Electrons, from which qahma rays scatt2r, produce a loweor
ionization density than the protons and heavier particles
through which neutrons are detected., Because the time at which
the bipolar output of the double delay lin2 amplifier crosses
the_baseline depends significantly on the decay constant of the
tail of the rulse froﬁ the photcmultigplier tiube, it can be
related to the type of particle detected. This crossovar time
was determined by a timing single channel analyscer whose output
Wvas used to stop another TAC, henceforth call the PSD TAC. It
¥as statted by the TOF gate output.

The TOF gate output alsc opened the fast linear gate and
stretcher which processed the anode pulse.heiqht informatioﬁ.
Since the linear gate was hsld open for cnly approximately 100
ns., the number of pulses piled up was n=2gligible so that no
pileup gate was necessary for the neutron detector. The pulse
height threshold was defined in terms of the Slcw linear signal
representing the integrated anode pulse height because of the
superior resoluticn and stability pfpcssible with slow linear
systems. The vtriqqer levels of the timiny discriminators for
the neutron detectors vere set well below tﬁe lavel
correspcnding to the threshcld of the single channel analyset
following the linear gate and stretcher. This was necaessary adt
cnly to insure that the constant fracticn discriminators hail no
effect on the resultant pulse height threshold but also bacause

they demonstrated consideratle timing walk near their
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thresholds.

When more than one neutron detector was used, the outouts
of their discriminators were mixed before application to one
input of the TOF gate. Since it was desirable tn r2cord which
of the detectors had registered each event, tha TOF gate output
was gated with the appropriately-delayed sijnal from one of *he
discriminators thereby generating a signial called "tube id."
wvhenever the correspending detector generated an event. A
similar arrangement was necessary to datermine whether an
accepted timing vrpulse from the neutron Jetectors had fallen
within the reacticn or chance coincidence time windows. In this
Case, use was made of the fact that the leading edge of‘the
so-called "valid stop" output of the TOF TAC wvas
time-registered on the stop input that caused the conversion.
Thereforé, this pulse was clipped with a shorted cable a few
feet 1long and gated with the appropriately delayel siqgnal fron
the vprotcn discriminator. This delay was sich that an overlap
was attained whenever the first of the double pulses gencrated
an event. Consequently, the resulting signal identifying chance
coincidences is called the "randcm flag".

Altogether, six linear siqnals were digqitizedl by ADC's and
read into the on-line ccmputer. These were the nautron detector
pulse height and PSD TAC output, the TOF TAC output, the
signals from the epsilcn and delta detectcrs and the linear sum
of the siqgnals from all three proton detectors which was called
"siqgma". The linear qates internal to the ADC's were opene.d by

a signal produced by a slow coincidence between the output of a

~



sinqgle chanrnel analyzer defining the minimum n2utron dotector
pulse height threshold and the so-called "GATE" output of the
TOF TAC which, in this case, is the delayed ejuivalent of the
TOP gate outpuﬁ. The neutron detector pulse height was r2a2coridad
to assist in pulse shape discririration as wcll as to permit
either :the <choice of a higher threshcld during off-line
analysis or even a threshold which 1is a function of other
recorded parameters although neither of thesa possibilitiés
proved necessary. Three more binary bits of information were
recorded with each event. These wvwere the previousiy mentioned
"random flaq" and "tube id."™ as well as the indication from the
pile-up gate that the proton energy measurement may have been
invalidated. Of course, these three signals were gated by the
condition that also opened the ADC linear gates.

Lineaf gain calibrations were required for both proton and
neutron detectors. It was necessary that the signals being
add2d together to form the "sigma" fpulse representing the total
proton enerqy all revresented the sare energy per volt. This
was achieved by adjusting the gains of thke shaping amplifiers
until the same value of sigma was registered by the computer
when the same test pulse was aprlied to each of the inpnuts of
the three charge integrating preamps. Also, an absclute
calibration of the enerqy scale was parformed by recording
spectra of elastic and inelastc scattering from a deuterated
pol&ethylene target at various detector angles chosen tc
provide <clearly identifiable peaks irn thka spectra at various

points in the energy range of interest.

-
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Neutron Detector Threshcld Determination

éalculaticn of tlke ncutron detector efficiancy regulres
the knowledye of the pulse height threshold in equival-nt
electron energy. This was obtained Lty recording culse height
spectra produced by gamma rays of three different energjies in
the neighbourhood of the threshold. The sources uszd and *h2

corresponding gamma ray energies are:

60Co 1. 173, 1.332 MeV (iveraged)
212ph 2,61 MeV
12C¢ bemltarded by protcn beanm 4,43 MeV

The dominant mcde of interaction c¢f gimma rays in organic
material in this enerqy reqion is Ccmptcn scatterinqg. Accoriing
to a prescription developed empirically (E73), the maxinmum
electron enerqy, which can Lte «computed frcm the yamma ray
enaerqy Qia kinematic relaticns, corresgpcnds to the point in the
spectrum cn the Comrton edge where there are 2/3 as many coints
as at the peak. A straight line was fitted to the three points

derived in this way.
Neutron Detector Efficiencies

Only a fraction of the neutrons incident on the neutron
detector interact with nuclei in the scintillator in a manner
which 1is detectad. This fraction, callz:d the efficiency,
depends on many parameters including the encrqgy of the nautcon,
the scintillator ygecmetry and material and the amount of lijat

required to exczed the pulse height thréshold discussed abova.

-
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Several methods of deterzining this efficiency have heen
emrloyed. One is direct measurament using an
indlependently-known neutron flux. Ancther is to calculat2 it
using the experimentally determined cross sections for all the
nuclear reactions that the ircident neutrcn may underqo‘in the
scintillator. Depending on the approach used, this may reguire
a number of simplifving assumptions becaus2 ¢of the geometrical
complexities associated with multiple scattering in the
scintillator. Usually these twc methods are combined to the
extent that +the accuracy of the éomputer codes developed for
the calculaticn of efficiencies 1is determined by coaparing
their rredictions to some experimentally determined
efficiencies. The magnitude of the discrepancies revealed is
taken to be an indicaticn of the uncertainties invclved in
using the code in the measurement of unkncwn cross sactions.
The efficiencies for the present measurements were

computed using a code (S71) employing a Monte Carlo technique
for the simulaticn of scattering histcries in the scintillator
of a large statistical sample of incident neutrons. This
approach obviates the need for many of the above-mentionad
simplifying assumptions. The <code has predicted eofficiencies
that are typically within 5% of measured values. Figure 2;5
shéws the conputed efficiency as a function of incidant neutron
enerqy of the scintillators used in the presant measuremants
for two different rulse height threshclds. Curve A coirresponds
to the threshold used for the 12C(p,pn) measurement while curve

B was wused for the 13C(p,pn) vwork. Different thresholds were
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used for these reactions because their ¢@-values are so

ditferent.
Beam Energy Measurement

The enerqy of the primary rrotcn bkeam was measured via its
time of flight over the 10 metre distance across the
experimental rocm. Two screens covered with material containing
carbon could be moved into the path of the beam. One was
located near the beam's entrance to the rocm and the other near
the exit. A 2 X 2 inch plastic scintillatcr mounted on an RCA
8575 photomultiplier tube was used to detect the 4.43 MeV garnma
rays emitted by the carbon cn a screen while it was stopping
the beam. A TAC was used to record the tim2 of arrival of the
gamma rays relative to a time reference obtained from the r.f.
accelerating voltage on the cyclotrcn dees. The beam bursts
wvere of sufficiently short duration that the cantroids of the
peaks in the resulting time spectra could ke located with an
accuracy of approximately 100 ps. It was arranged that the TAC
received a stop pulse for every second reference pulse from the
r.f. so that each spectrum contained two peaks. Their
separation togethar with the r.f. fregquency contributed
sufficient information for a time scale calibration.‘Then, to
determine the beam enerqgy, it was cnly necessary to record é
spectrum from each screen and tc measure th2 langths of the
sides of the triangle whose apexes were the two screens and the
scintillator..The accuracy of the determinaticn is estimated to

be 300 KeV at 50 HeV. This is ccmparable to the spread in tae
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beam enerqgy in this keam line.
THE ONLINE COMPUTER

As previously mentioned, a§ many decisions as fpossible
that were based on relationships between pulse heights were
performed by the online computer because of the innerent
flexibility i£ affords. The cross sections being measured ware
small enough for the count rates to b2 easily accomodated. The
results of the online processing were used both to display the
data in forms suitable for diagnostic purposes and to prevent
the loygging on magnetic tape of events that ware clearly not of
interest. Data was 1logged in unprocessed form in order to
minimize the irreversable effects of any errors in the online
processing.

For the purpose of display on a large CRT unit, data could
be conditionally stored in memory in two forms, both of which
represented the <correlation between two parameters. Th=a2se
parameters could be chosen to be any of the words receivel by
the computer from the ADC's. The first form was the usual
two-dimensional array containing a fregqueacy distribution of
events. Two such arrays, each consisting of 64 X 64 9-bit words
could be accommodated. The second fcrm was a list of events,
one to a word. In each half of a word was stored the value of
one of the +two parameters. All of the data in a list wWas
displayed at once by cycling continuocusly through the 1ist,
illuminating orne point for each event. The result is a sca**>r

plot. Although a limited number of events may be includei,
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there are the significant advantages that each parameter is
represented with relatively high (512 ctannel) resolution aad a
continuous range of event densities 1is dapicted by the
intensity of illumination or density of pcints. It followed
that this was the form used during the preparation stage of
each experimental run.

In the present measurements, the processing was relatively
siople in that it ccnsisted of cnly two types of determination.
One was the testing of individual parameters in a manner
similar to that employed by a single channal analyzer. The
other was the testing for a particular correlation between
pairs: of parameters. A correlaticn was specified by drawing
with the 1light pen on a display of the two parameters. Two
lines were drawn as a function of either coordinate between
which aﬂ event had to fall if this particular test were to
yield a positive result. The first type of determination was
used, for example, in the (r,2r) measuresents to specify the
time windows for reaction and chance coincidences. The second
was used in all measurements to identify charged particles. In
the case of a three detector telescope, two correlations were
tested, epsilon versus siqma and delta versus sigma. Also, in
the (p,pn) measurements, the neutrcc—-gampma descrimination was
performed by testiﬁq the correlaticn c¢f PSD TAC output versué
scintillator pulse height. The storage of events for display
and the 1logging of events on tape cculd, indepenicntly of one
another, be made contingent on any' combinaticn of the

determinations being made. Pericdically witain the logging file
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were placed the current values of the real-time clock and the
accumulated charge in the Faraday cup corrected for coavuter
and ADC dead time, This was in order that portions of a file

could be analyzed seperately if the need arosec.

DATA RELUCTION

Data reduction consisted primarily of the projection of
the counts in each kinematic locus into a one-dimensional
histogram whose abscissa represented the enerqgy of the proton
in the final state. Also, corrections for chanc2 coincidences
and pileups were applied and cross sections were computed from
the projections.

The processing facilities emplcyed during Adata reducion
includ=2d those available during data acquisition together with
considerably more Jenerality ccncerning classification of
events and their resultant destinations. Data could be
displayedv in the manners already described. However; an
additional facility was used in ccnnaction with the storaga of
events in two display lists. Usually chance coincidence =2vants
wvere stored in one list and reaction events in the other. It
was possible to effectively subtract the contents of tha first
list from the second while they were being accumulated.
Whenever an event was scheduled to te storel in one of tne
lists, the other wés searched for the event lying closest to it
in the display area. If the <separaticn was 1l2ss than a
specified amount, the events were cancelled. In this mann2rc,

all of the data for a particular pair cf detector 1ingles couald
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be stored and displayed together with high resolution, an
achievement otherwise impossible with the availabla storajg».
Using a display from which <chance coiancildences had baen
subtracted, it was possible to more accurately specify with tae
liqhtvpen which events were to ke included in the projecticn of
the three body kinematic locus onto one protoh eneryy axis. The
data was ultimately expressed as a triple differential cross
secticn ini%%gjgguhiCh was related tc these projections by a
multiplicative factor involving target thickness, bean flux,

pileup rates, detector solid angles, ‘neutron datector

efficiency and the proton detector enerqgy calibration.
EXPERIMENTAL UNCERTAINTIES

The most important contributicn to uncertainties in the
absolute magnitude of the <cross secticns is that involving
tarqet thickness., These are estimated to bz as follows: 6Li -
20%, 3¢ - 10%, t2c - 5%, 9Be - 5%. For the (p,pn)
measurements, there 1is the additional uncertainty associated
with the calculation of the efficiency of the neutrcn detector.
This is estimated to be 5%, Finally, the respective
contributions from the beam flux measurement, solid angle
measurements, counting losses and the protcn energy calibration
are estimated to be 2%,2%,3% and 2%. If these are addsd in
quadrature, the overall uncertainties in the cross sectinn
magnitudes for the various reacticns are as follows: 6Li(p,2p)
- 21%, S®&Li(p,pn) - 22%, 113C(p,pn) - 13%, °93e(p,pn) and

12C(p,pn) - 10%. Some indicaticn cf the regrodncibility of the
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reasurements was derived by means of a ccmparison of 932(p,pn)
data _acquired at the same angle pair duriuy two ditrerent
experimental runs. There were several Jdifferceances in  the
experimental arrangements for ttese runs. In cne case, only one
neutron detector was usad and a NaI(Tl) scintillator wis usa2g
in place of a Si(Li) detector for the "E" counter. The
difference 1in the resultant <cross seéticns ¥as marginally

statistically significant,
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3. EXPERIMENTAL RESULTS AND PWIA ANALYSIS

Five reactions wore studied. These wer2 6Li(p,2p)SHe,
¢Li(p,pn)SLi, 9Be(p,pn)3Be, 13C(p,Frn) t2C ani 12C(p,pn)‘ic. For
each of the first four reactions, the number of angle péirs at
which an enerqy correlaticn spectrum was acjuir=24d ranged froa 6
to 10, most of thch were quasi-free and th= rest symnetric.

t2C(p, pn) was studied at only cne angle pair because of its

small cross section.
SCATTER PLOTS

An overview of the quality of data obtained for the
various reactions is presented in the fcrm of a number of
typical scatter plots in fiqures 3.1 threcugh 3.9. In thz case
of the (p,2p) reaction, the coordinates are the energies of the
tvo final state ﬁrotons while for (p,en), the ordinate
represents neutron time of flight with the scale reverssd so
that neutron energy increases in the upward direction. Chance
coincidences have bean subtracted by the technique described in
the preceeding secticn. No «correcticn for the variation of
neutron detector efficiency with neutrcn enerqy has been
apﬁlied at this pEpcint. Only events in the vicinity of
significantly visible 1loci were recorded in ordsr to 2nsure
that there would be sufficient ccmputer storage for these

events,

In all cases the dcminant three-boiy kinematic locus
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Figures 3.3 through 3.5 Scatter plots for 9Ee(p,pn) SBe at 45.7
VeV, The detector angles are shown on each figure.
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Figures 3.6 through 3.8 Scatter plots for 13C(p pn)lzc at 45,6
MeV. The detector angles are shown on each figure.
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corresponds to the transition to the ground state of tho
residual nucleus. As well, the loci corresgpcnding to the first
excited state of 8Be (2.9 MeV) and 12C (4.43 ¥2V) are clcarly
visible in the respective °Be and !3C dati. Th= lenqth of the
neutron £flight path was chosen tc be just lonjy enouagh to
provide sufficient resolution to clearly seperate the 8B2 state
from the ground state. because the state in 12C is so high in
excitation, the <correspcnding flight path couli be reduced to
the wminimum defined by the largest acceptaonle detector sclid
angle. There is a faintly-visiltle lccus near the origin of the
6Li (p,2p) plot, the Q-value of which corresgonds to the
excitation of. the 16.7 MeV 3/2% state in 5He. The very smnall
population of this state at this enerqy is ccnsistent with the
marked trend established. by all the highar enerdy 6Li(p,2n)
data (M72,R67,T66). As the bcmtarding enargy decreases, tae
ratio of the cross secticn of the 16.7 MeV state to that of the
ground state also decreas2s. For exampl2, at 100 MeV, this
ratio is approximately .5 while at 460 M2V it is larger than
unitye.

Since the proton detector telescope used for the ©&Li(p,pn)
measurements included no epsilon detector, charged particle
identification was not possible below 10.5 MeV. For this
reason, thare are wvisible in this region of the scatter plot
considerable background from other reactions. Conseguantly,
data from this regicn wvas nof included in the rrojections to ha
shown later. The upward bend of. the leftiaost end of the

8Li(p,pn) 1locus is due to timing walk c¢f tha ccnstant fraction
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discriminatcr for the proton signal.

For the reactions on 6Li, the residual nucl2i SHe anl SLi
are unbound by 0.96 #MeV and 1.96 MeV with widths of .53 MeV ani
approximately 1.5 MeV, respectively. Although the corresponding
loci are visibly wider than those for the cther reactions, they
still have the distinctive agppearance associated with a
three-body final state. However, this unbcund nature of the
residual will be later seen to have <cther iamportant
ramifications.

Careful examination of the central r=2qgion of the ground
state 1loci of the 9Be and !3C scatter plcts reveals that tnere
is a narrow area on each of them with a amuch lower =avent
density. These are the points at which the r2coil momentum is
near zero. The Plane Wave Impulse Approximation (PWIA) predicts
that knbck-out' of a p-state nuciecn will result in a minimum
cross section under such conditions.

Finally, on the 13C 1lcci, there are visible relatively
small areas where the event rate is strcngly enhanced. These
are attributed to sequential processes which presumably are
either

13C(p,p') 23C*

L=> 12C ¢+ n
or  13C(p,n) 13N+
L-> 12C + p
In either case, the excitation of the intermediat= statc is so
nigh that there many possibilities for its iientity. Thase

processes will be more «clearly visible as peaks in the
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projections of the data.
Q~-VALUE SPECTRA

Some of the data is presented in ancther form in fiqjures
3.10 through 3.12. These show histoqrams obtained Yy projecting
onto an abscissa proportional to the Q-value of the reaction
those events for which the energy of the two final state
nucleons differ by less than a specified amount. In this way,
the relative excitation of the states of the residual nucleus
is more clearly illustrated. It should be born in mind that the
result may be distorted by the neutron det:ctor efficisncy
variation but this effect should be small for ranges in
excitation energy of a few MeV., It is of interes£ to comparse
these spectra with those obtained from the (p,d) reacticn on
the same targets since the spectrcscecric factors should be the
same in both cases. Such a comparison of 12C(p,2p) and 12C(p,d)
was made by Pugh et al (P65) on the assumption that the
structure of 12C would be similar with respect to protons ani
neutrons.  As can be seen from their result which is reproduced
in the  upper part of figure 3.10, there is good agreement at
the angles chosen for the conparison. The present data for
(p,pn) 1is shown below theirs. It has poorer resclution but it
is consistent with the cther reacticns. |

This is 1in sharp contrast with the comparisons cf (p,d)
and (p,pn) on t'3C and °Be. For (p,d) cn both targets (T68,Vs67),
the first excited state is rore strcngly populated than the

ground state while for (p,pn), the reverse is true. In the case
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of 9Be, this difference is especially dramatic. A coaparison of
the anqular distributions of the {(p,d) reactions varifies that
the relative dcminaﬁce of the excited states 135 not specific to
the particular angles chosen for the ccmpafison with (p,pn).

An onservation that wmay shed scme light on th2se
differences 4is that the kinematic ccnditicns of the {(p,d) and
(P, FR) reactions cause then to be sensitivae to different parts
of the 1initial bound state wave functicn of the ejected
neutron. The (p,pn) reaction prches the low mcmentum comgonents
while the (p,d) r2action emphasizes the high momentun
components. In the binding enerqy fcrralism, th2 initial bound
state is represented as tha neutron bound to the final state of
the residual nucleus. If this final state is excited, the
binding enerqgy is correspcﬁdinqu larger tc ccnsa2rve enerqgy. Ih
the cases of 9Be and 13C, this represents a substantial
percentage difference in binding energy so that the wave
functions bound to the excited states are 2nhanced in the
reqion of 1large mcmentum, yielding a largsr cross saction for
(p,d) and smaller for (p,pn). The binding en=2rgy for the 12C
target is so large that the percentage increass for the excited

state of 11C is toco small to have much effect.

PWIA ANALYSIS

The data will now be ccmpared with th2 PWIA. This is not
done for the purrose of obtaining a detailed fit yielding

nuclear structure informaticn. Rather it is done in the hope

a




that the nathre of the discrerpancies between the PWIA and the
data will give scme information abont the reacticn mechanisa
complexities contributing tc these discrepancies.

Eqn. 1.1 gives the expressicn fcr the cross saction in the

PWIA. For convenience it is reproduced lere.

dic — do r 11
70 J0o 1, PSF 48, ¢

The first factor, PSF, which contains kinematic and phase

space e€ffects 1is the same as that giver in =2gn. 4.18 for a
different calculation. 73%%) is the two nucleon differential
12

scattering cross section evaluated in the centre of mass. As is
pointed out in (J70), the fact that this crces section is ba2ing
used to approximate an off-mass shell cross sacticn means that
there 1is an ambiquity concerning tke chcice of the energy and
énqle at which it is to be evaluated. At least four different
prescriptions have been used in previous w@ork. These are that
the kinematic conditions are taken to be those in:

1) the centre of mass of the scattering nucleons in the
final state,

2) the centre of mass of these nuclecns in the initial
state,

3) the laboratory fraﬁe, taking the ejected nucleon to be
initially at rest, or

4) +that the kinematic «conditicns are taken to be those
vielding the same mcmentum transfer frcm the incident particla.
It has been found that for other reactions such as 6Li (o, 2%)4d,

prascription 1 seens nost consistent with the 1ata
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(W71,P69,G70)T Consequently, it was adopted here. For the
present reacticns, the choice can te expected to influence only
the ahsolute magnitude of the resﬁlt since the nucleon-nucleon
cCross sectiop varies monotonically with energy ind is fairly
isotropic. |

In the interests of convenience,‘?(K) was computed as the
Fourier transform of analytic spatial wave functions of the
form used by Tyren et al (T66) for the analysis of their 460

MeV (p,2p) data. The unnormalized radial functicn is given by

ERx (v) = {a (av) }u?)(i‘*r)

‘ ) . .
where hg is the spherical Hankel functicn of the first kind
vhich ensures that the wave function has the correct asymptotic

behavior for the kncwn binding energqgy.

where/kdis the reduced mass of the ejected nuclecn and € is the

binding enerqgy.

~AP, ~3pP ! 1~z f 1€ A2
fy0e) = [3- 42"+ ] [H- S (5 )+ a2 ()

uhere/e 8§ and ag are parametets contreclling the shape of the
corresponding potential. Tyren et al inply that their practice
of choosing f? = results in an approximately flat-bottomed
potential well with a rather 1larqe diffusen2ss. This was
adopted in the present calculations. For 6Li, the parametors
were taken to be the same as those used by Tyren et al while

for 9Be and 13C, they vere adjusted tc obtain the optimu@ fit
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to the shapes of the projections c¢f the enerqy correlation
spectra while arbitrarily ncrmalizing the theory to the data at
each angle pair. It was empirically found that the value of ag
was much 1less important than that of/3(=K). This is probably
because /8 and ¥ influence the RMS radius of the wave function
much more than azg and the RMS radius is the only inmportant
property in the present context. The parameter values and
corresponding RHMS radiib vyielding the best fits are listed in
table‘3.1. |

Figqures 3.13 through 3.15 show the projections of some of
the data compared with the results of the calculations. The
error bars represent statistical uncertainties only. A1l of the
available data for the (p,2p) and (p,pn) reactions on 6Li aré
shown in fiqures 3.13 and 3.14, respectively. Two different
bomhardiﬁq energies are included for ®Li(p,2p). If the spectra
in these fiqures are viewed in a sequence mcving down the first
column andv then down the second, the quasiffree angles pairs
appear first and in order of increasing proton angle. Such
angle pairs can be recognized by the fact that the PWIA goes to
zero at zero recoil momentum. Fcllowing the quasi-free angles
are some symmetric angles both more fcrward and backward than
the quasi-free symmetric angqles. Then, in fiqure 3.15, all of
the quasi-free angle pairs for bcth 9Be and 1!3C are shown
together with those for 6Li(p,rn) for ccnvenient comparison.
All of these reactions weré studizd at approximately 46 MevV., It
can be seen that for °Be, the shapes c¢f the spectra are quite

sisilar tc those predicted by the PWIA althcugh the independant



TABLE 3.1

Parameters for the p-shell wavefunctions used in the
calculated cross section in figure 1. The r.m.s. radii

are also tabulated.

Reaction Es(MeV) B=vy az <r?>
5Li(p,2p)SHe (3) 4.655  .740  .736 5.310
SLi(p,pn)SLi 5.622 740 .736 4.810
*Be (p,pn)®Be 1.665 1.200  .700 6.599
13C(p,pn)t2C 4.947 .500  .700 5.935

(a) Same as for 460 MeV
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normalization at each angle pair should be born in mind. The
PHIA would predict an essentially isotropic angular behavior
while the data shows significant variation. For 13C, thera is
also a similarity between the data énd the curves but the
comparison is made more difficult by the pcorer statistical
accuracy of the data because of the much lower cross section
ani by the presence o0f the sequential prccesses. These are
recognizable as a strony peak (or peaks) at approximately 132
MeV and a weaker cne at 14 MeV,

For both 9Be and 13C, the data exhibits the deep p-state
minima predicted by the PWIA. This 1is not the case #ith
¢Li(p,2p) or (p,pn). With these reacticns, the tails of the
recoil momentum distributions are fitted fairly well but the
pinima in the data at zerc momentum are very shallow. This is
consistent with the results of recent studies of the &Li(p,2p)
reaction at higher energies of 100 and 156 MeV where, in both
anqgular and energy correlations, &rinima were either not
observed or vere very shallow (M72,R67). Earlier measuremants
(T66) had been 1inclusive because their recoil momentum
resolution was poor enough to have acounted for the effect.
When this was pcinted out, it was widely believed that this was
the basis of the phencmenon (M68). It had bean established that
caiculationé including distorted waves could not reproduce an§
significant "filling  in" of the. angular correlation
distribution.

It was then pointed out by Saito 2t al (S68) that the

observed effects can be explained by taking intoc account the



PAGE 51

{related) facts that the residual nucleus is unbound and that
the ©6Li target nuclemus is well descrihbed as an alpha-douteron
cluster structure. Their cluster wave function, which 1is
consistent with the known properties of the ®¢Li ground state
including the <charge form factor from electron scattering,
consists of a deutron cluster in an internal 1s state bound to
an alpha cluster in a relative 2S state. Wh2n such a wave
function 1is transformed into the coordinates of th2 outer
proton and neutron relative to the centre of total mass, it can
be seen to have a substantial component with bcth of these
nucleons in 2s states as well as the 1p states prodicted by the
simple shell model. (It should be noted that such a shell modasl
cannot fit the charge distribution of 6Li). Now the unbound
residual nucleus, SHe or 5Li, contains not c¢nly the P3,
resonancé but also the S continuum so that a one-step
knock-out process cof one of the nuclecns from the 2s component
of ®Li can conserve parity. The plane wave calculations of
Saito et al, which include this possibility, are in qualitative
aqgreement with the 155 MeV 6Li(p,2p) data.

A ccmparison of the present measurements of the (p,2p) and
(p,Pn) cross sections vields further evidence of the importance
of the deuteron cluster structure of 6Li. An examination of the
angular dependences of the cross sectiocns at quasi-free anqleé
reveals that, while those for (p,2f) are almqst constant, the
{p,En) cross section rises monotonically by a factor of three
as the proton angle increases. This is strondly reminiscent of

the results of a similar compariscn cf these two reactions on

»
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Present work and FSI refers to a theoretical calculation including
the final state interaction of pairs of nucleons.,
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deuterium. Fiqure 3.16 shows a reproduction frcm Peterson et al
(P71) of their experimental peak cross szctions for these
reactions plotted as a function of the two-nuclacn scattering
angle in their centre ‘of mass. It should be noted that this
anqgular variation of the (p,gn) cross secticn does not seem to
be a general property of the reaction mechanism since there is
no such monotcnic variation in the results from °Be or 13C,
There is another analogy 'with the results from deuterium.
Although only two different bcmbarding enz:rgies are available
for eLi in this energy region, it can be stated that the cross
sections for the (p,2p) reactions on both ¢Li and deuterium
{M70) show a marked wvariation with incident energy. In both
cases, the cross section rises by approximately 25% while the
enerqgy increases from 38 to 46 MeV. It is interesting to note
that, at 100 MeV, the (p,2p) cross secticn (M72) is larger by
approximately a factor of four so that it is ccmparable to the
(p,pnf cross section at 46 MeV, |

"Ancther importaﬁt difference between the (p,2p) and (p,pn)
cross sections is that the average magnitude of the 6Li(p,pn)
cross section 1is approximately four times that for (p,2p) at
the same bombarding enerqy of 46 MeV. A similar relationship
has been observed for D(p,pn) and D(p,2p) although that ratio
is ‘'only approxirately 2.5 at this enerqgy (P70,470). The primat?
reason for undertaking the 12C{p,rn) measurement was to resolve
the uncertainty as to whether this unexpectedly large
difference in the <cross sections was associated with the

structure of ©Li or was a general proparty of the reaction

-
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mechanisms. The very 1large reutron seperation enerqy of t2C
{18.72 MeV) exceeds the protcn seperation energy by about 3 MevV
and therefore should tend to suppress the (p,pn) cross section
relative to (p,2p). The result of the measurement was that the
(P,Pn) cross section was found to be significantly larger than
for (p,2p) but the difference 1is <¢nly as large as can be
expected from the free p-p and p-n cross sections. The shapes
of the enerqgy correlaticn spectra are quite different so that a
direct ccmparison is difficult. It is ccnceivable that this
result 1is unique to the particular angle pair chosen but this
possibility is minimized by the fact that the (p,2p) anqular
correlation distribution is relatively flat in the vicinity of
these angles and is not at a minimum. The tentative conclusion
drawvn is that the very lérqe difference between the 6Li(p,pn)

anl (p,2p) cross sections is related to the structure of 6Li.

INADEQUACIES OF THE PWIA

The most obvious discrepancy between the PWIA and the data
for 9Be and 13C is that the PWIA predicts cross sections many
times too large, making it mecessary to arbitrarily normalize
the results of the calculaticn to the data in order to ccmpare
the shapes of the spectra. For these two targets, the absclute
normalization factors were in the ranges of 30 to 50 and 25 to
40, respectively. This large attenuation of thke cross section
is due, at least in part, to the absorptive effects of the core
nucleus. Tt is important to note that a single ncrmalization

factor for all anqgles would not bring the calculaticn into good

-



[ ¥ 1 1 ] ] _l 1 ]
SLi(p; pn) oLi
C.15 : N
' g
0.0F - e -
)
°
0.05-' -
6 o © °Lilp.2p)He
o - ) ] | ] [ 1 i 1 i
2
o ? 8
- : Be(p, pn) “Be
< 004} .
é °
ez . i )
o 0.02- . ® J
& : ]
o 1 i /] ] 1 [ 1 i 1
'3c ( P, pn) |2C
0.04 - ® -
® e ®
® o
0.02+~ ' : ' ~
1 L ] 1 ] 1 ] 1 i
° 60 90 20
o™
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of the p-n cm scattering angle. For 13c, results are included -
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agreement with the data. Fiqure 3,17 shéus the normalizatioans
used in the <calculations gflotted as a fuanction of the
tvo-nucleon scattering anqgle in their centre of mass for the
point. of Zero recoil mcmentum. 6Li shows the
previously-mentioned monotonic trend which 1is so similar to
that of deuterium but ©9°Be and 13C have their own differant
variations,

The presence of strong absorptive effacts of the core
nucleus raises doubts that the RMS radii of the wave functions
vyeilding ¢the best fits to the shapes of the specfra are
meaningful. It is to be expected that the ccntributicn to the
knock-out cross section of that part cf the spatial wave
function 1lying inside the <core nucleus will be suppressed
relative to that extending cutside. This wmeans that the RMS
radii of wave functions which fit the data are probably too
large. Figure 3.18 shows the values ottained from the fits to
the ©9Be and !'3C data compared with thcse chtain2d by Tyren et
al (T66) from their 460 MeV (p,2p) measurements on a numnber of
other nuclei. At that higher energy, abscrption by the core is
less important. The absissa is the binding <energy of the
valence nucleons in question. It can be sean that the ptesent
results for 9Be and !3C seem surprisingly large even for such
small binding _enerqies. Part of the very large difference in
magnitude between the PWIA and the data can be attributesi to
the use of wave functions with excessivaly large RMS radii
since such wvave functions are more sharply peaked in momentunm

space and give rise to larger PWIA peak cross sactions.
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Fig, 3.18 The R¥S radii of the lp shell neutrons in 9Be anc 13C
obtained from the PWIA fits., They are compared with those of other
lp shell nuclei studied via the 460 MeV (p,2p) reaction (T66).



In view of these considerations, a natural guesticn to
arise 1is whether the use of optical. maiel wave inctions
derived by fitting elasﬁic scattering data will satistactorily
account for the atsorptive and diffractive effects of the core
nucleus for these knock-out reactions. I£ this w2re the casu,
it might be possible to obtain more reliable values for the RMS
radii of the bound state wave functions. For these reasons, the
distorted wave calculation described in the fcllowing chapter

vas undertaken.
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4, THE DISTORTED WAVE IMPULSE APPRCXIMATICN

THEORETICAL BACKGRCUND

To this point, the most comprekensive treatment that has
been applied to the ccllisicn ¢f two nucleons iﬁ the bresence
of a relatively massive core is the so-called Distorted Wave
t-matrix Approximation (DWTA) (LEG) « in.this formalism, the
matrix element ~for the reaction censisting of a particle ﬁith
initial and final momenta hkeand hkarespectively knccking out a

bound nucleon with final momentum hk is

—TIM‘ lq//’x;(‘.é';!') X;(..g,,ra) t( - 0} Xz:ﬁb,rz) \ﬁ?!n) 0'310 JSI? .- 41 |

wAM  is an anti—symetrization operator which is applied if
the +two nucleons are identicai, the'X's are distorted waves
calculated from optical model ©potentials Jetermined fron
elastic scatterinq,?fmis the initial bound stat= wave function
of the ejected nuclecn and t(r) is the two-nucleon t-matrix
which is approximated by a central 1local pseudopotantial.
(Calculations have also been done with a non-local t-matrix.)
The predictions o¢f this approximaticn have been ccmpared with
data from (p,2p) reactions at 50 MeV acquired in a symactric
coplanar detector gqecmetry. Only the cross section for ejual
enerqy sharing of the two rrotons has been computed. Target
nuclei investiqatgd have included three in the 1p shell.. 12,
14N, and 1160 as well as *0Ca and 89Y. Success in fitfinq the

data has been quite limited. It has been notel that the fits
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tend to improve with dscreasing binding energy of the ejectad
protoa (J71).

The approximation of the t-matrix by a central
pseudopotential is appropriéie cnly for situations where the
singlet interaction dominates because it is mainly central.
Such a situation is provided by the (p,2p) Treaction at
syometric angles and'energies because, at least in the absence
of distortions, the p-p scattering is at 909 in the centre of
mass of the two protons where triplet scattering is fcrbidden
by the exclusion principle. Conversely, p-n scattering is
dominated by the +triplet interaction which is mainly tenc<or.
This brings into question the advisability of attempting to fit
(P, rn) cross secticns with the above theory.

There is also a practical problem associated with
éxtendinq the DWTA to the calculation ¢f energy correlations at
a variety of angles. Such calculations involve at least an
order of magnitude wmore numerical ccmputation than symmetric
anqular correlations because the optical model wave functions
and radial overlap integrals {(c.f. below) must be recomputed
for each point in each energy correlaticn spectrum. Facilities
for ccmputations of this magnitude were not availabla at the
University of Manitoba.

For these reasons it 1is necessary to consider a
simplification of the DWTA. Ohe that has been used for both
(p,2p) and (p,p*) at 150 MeV is the zero-range approximation.
In order to invoke this approximation, the distorted wavas ara

represented as products of plane waves and 4distorticn factors.
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.
X (b)) = DBy 2 4.2

Also, a coordinate transformation is introduc:4.

(I

= Y =Y
fa =L 43
x'=

For the (p,pn) reaction, the matrix element th=n becomes

-8, v! - R ]
—nm:'//p(‘&“l_,)/e e LTRA D(/ﬁa)r‘krj)i ‘ﬁ (:4_\:)

1O D (o, o) £ B ETN ey e P00 a4

Now, 1in the =zero-range approximaticn, thke distortion factors
are assumed to vary sufficiently slowly as a fuanction of r over
the range of that variable where tkL) is significant that they
may be evaluated at r' instead of_£'+r. “nen this is dons and

the exponential functicns are re-arranged, we have

" =//I“3”‘4§°>‘-'-' Ty  OCA,e BT

i Ba (Rorx!

DCAasr) 2 0B = e e d 48

Then the double integral can be factored into two integrals,
the first of which is the nucleon-nuclecn scattering amplituds,

Tune Finally, the reaction matrix element is
™ - - +
T Tow [ U e Nae) ey Ulhory & 4.6

™M
The cross secticn is proportional to the abscluts square of Tg

the first factor of which, T 12, is related to tae
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exrerimental two body cross section. This 1s called the
Distorted Wave 1Inpulse Approximaticn (D4dIA). The energy at
which the two-body cross secticn is evaluated is subject to the
same ambiquity as in the PWIA.

The enerqgy range of validity of the CWIA as aprplied to the
12C(p,2p) reaction has been determin;d \by Lim and McCarthy
(L66) . Fiqure 4.1 shows their ccmparison of the DWIA and DJTA'
for this reaction at various incident energyies. The obvious
conclusion is that it is invalid at 50 MeV. However, there is
reason to suspect that this result may not be directly
applicable to the (p,pn) reaction on targets much nore lightly
bound than !2C. A rough criterion for the validity of the
Zero-range approximation is the relative sizes of the
nucleon-nucleon interactién range and the wav=2length of the
. nucleons., The triplet effective range which dominates n-p
scattering is about 40% less than the singlet effective range
which dominates p-p scattering. A 40% diff=renc2 in wavelength
is a factor of two in enerqy. Alsc, the wave functions of more
lightly bound valence nucleons extend spatially further outside
the distcrting gotential where the incomiag and outgoing wave
functions are plane waves. As the factorizatican of egn. 4.1 is
exact for plane waves, the accuracy of the approximation can be
expected to improve with such targets. If nothing else, these
qualitive consideraticns indicate that calculations using the
DWIA are worth attempting for these reacticns in view of the

difficulties associated with imgroving upcn it.
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Fig, 4.1 Reproduction of a figure from (L66).
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DETAILS OF THE CALCULATICN

The <calculaticns were perfcrmed fcllcwing for the most
part the detailed prescripticns of Jackson and Berggjren (J65).
Only a synopsis of definiticns and results will be prasented
here. It should be noted that the symbclogy of egns. 4,1
through 4.6 is different from that below in ordar that those
expressions could be written as simply as possiblg.‘nbre
specifically, the ;X°s and Vﬁmare_functicns of different (but
related) coordinates in the following. For practical reasons,
these wave functions are computed as a function of relative
coordinates Lec = Lo-Les ILje = L, ~Lc and L, = L[,-Lq. This is
because the poténtials to be included in the computations are
most conveniently exrressed as functions of these relative
coordinates. The (different) labelling conventions for
particles and wmomenta are shown in the diagram. Thé incidant
and ejected nuclecns are numbered "O0" and "1" respectively

while the target and residual nuclei are labellel "A" and "C".

010

"giiéla 'Q_““‘I’ *Pf~——~<:> "é\\ﬁi

final state

&a
initia] state iﬁt
In order to derive equaticns thrcugh which the above wave
functions may be calculatad, it is necessary to 2xpress the
Hamiltonians for the initial and final states in terms of the

kinetic enerqy operators associated with nomenta conjujate to

the above relative «coordinates. It is shown by Jackson and
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Berqgren that the momenta conjugate to L,,Lc, and Lo are ke,
ki, and ka, the mcmenta. in the centre gf mass of the wanole
system. It is also shown that Schrodinger's equation for the
initial and final states can therefore be written as folloqs{

For +the initial state, the equation for the total system

factorizes trivially to produce

3 ? * UL A+
R ARRVICT) [ SR O S PR
a/ﬂon 2 _Mog
for the incoming distorted ugvé and

- &, Vi V] Yo = € Yo 4.8

aMie

for the bound state of the ejected nuclecn where €, is the-
(negative) Q~value.//4m, for exarple, 1is the reduced mass
(1/mp ¢1/mp) -2 Vo, is the optical model potential and V; is the
potential initially binding the ejected nucleon to the core.
For the final sfate, there ié no exact facteorizaticn. As is
pointed out 1in reference (J65), there will appear a coupling
term in the equation for the total system associated with
either the potential or kinetic energy, depending on the
coordinates <chosen. With the present choice, it is in thne

kinetic enerqy operator. Schrodinger®'s equaticn for the final

state particles is

[" 5/%; Ver +V(l5d) - gu—l Ve + Vi) - TV.ES Voe? gc]’x ?ru)}’c.r.,)

~ | HR? 2R o ) y
SR S Y OO

As 1is suggested by Lim and McCarthy (L64), using rather
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different notation, the coupling term can be treated as a
perturtation if @, is consideratly larger than me and m; so
that gm’ S_ZC can be replaced by its eigenvalne, -ka°k,, thereby
cancelling the <corresgonding ters cn the right. Then this

equation is also separable.

- | R -
__._Bj R oe) = hihy (Yoc) .10
[ o Vac + Vo (Yoc)] % ( oe) Q/Uo: % 7

and similarly for X (rw).

The overlaf imtegral to be computed is
3-9 - % (_‘gﬂ;foc))/(;@',ﬁg) 5(!"‘!‘0:)2’('_@0;!60 2 (51e) o _r{cd_ron

Since Lon = Loe~Lie/Bas

% = /z;(‘;@m x) %;(’;@ur) %.r(fo, ar) \/jw%!) d’ 4.12

vhere a = m¢/R4.

401

All the wave functions are expanded in partial wave
series. Spin-orbit coupling is ignored for the optical model

wave functions.

Bm = Riem Y, (o9

X+(*§o.0:) i&-—i—r Zﬁic:, [’n‘/‘nr(:?nu) X,o(eﬂ’) f, (Ao, av)
-] [7) .

- - B t P
Nt = X . LP‘/‘/W(RP.-H)/Z; W 0B ) Do (a0 413

- o ~{oR . M P
% (ﬁ:,:)"&‘, %l NP \/‘f'rr(:p,,u); Xaa a(e'?‘)/é(ﬁ:.V) D«ai(ebﬂra”

Op .+ Oy and o7, are the coulomb phase shifts and the D's are

t

rotation matrices.

When thesa expressions are substituted into the integral,
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various properties of spherical harmonics are then used for

simplification tc obtain tte fcromula used in the computation.

5 oo PotPasd ((C;+ 0z 403, ), (n=P\= P2)
9, = (4”)3/“/:24-: Z Z J@P#D) (apa+1) E«Q " £ ?
J:

P20 Fyro nz e
" .
U(I,V);P,)P;) % 5;&’:-‘— C(n.ve)'ﬁ'; D)0> 'C(n“e)-ﬁ; 0, M>
+:4o | _
. (P
M \m4Pa s p -
(-—) C(P’) P?,'f;/“;”";“) P, (61,0> X°2 (e:JOJ ... 4.11{
DA

vhere U{f,nsP, 4Pg) =
1/ (ko K ka)/Pn (ko,ar) Fp (ki ,r) Fp(ka,r) Re(r) ¥r dr
and the C's are Clebsch-Gorden coefficients whose symmetry

properties determine the limitaticns cn the summations ove€/4,f

and n.

2-(P0*Pl). . n*‘e

No= M3X {[P-rof =4 'Fmax DA § 17
0

$4.15

n-2 | ~P,

'Po" max ¢|P= Pa| /u" = MA tme-py
i\ |

Purther such selection rules not shown abcve are that the suas
ﬁ*p, tp, tn, p, ¢p, *f and f#n#f mest ke even.

The convergence criterion used tc terminate the summations
over p,,py and n was ‘that the soduli cf two successive
contributions to a sumpation be less than a specified fraction
of the total accumulated sum to that pcint. This fraction vas

automatically scaled down for inner supmations. Typical paximun




values for 9Be(p,pn) were 26 for n and 18 for the p's. B, and
©5 are the angles of the final state particles in the centre »of
mass of the whole systen.

The cross section in the laboratory is given by (L64)

_d% - psg 42 N :iwimla yie
df,d0ad T da .;Sa:;m (ﬁi:_j m [T

vhere
Te TA . a
W = 2 Z [C<J-‘)JEJ Ta5Me, i) C (As,75 s m, =m+ /Mg - l"k)] 4,17

Me:=Te Mat=Ja

ani

‘&l /%QR EC FI::H
F M2 |"k? Ee *Eaf‘ﬁ:‘»@am(ea)+£;w(@-ea))i 4.18

PSF

is a kinematic factor including rhase space density with the
E's representing relativistic total eneryjies. Use is made of
the translational invariancé of 3? sc that these kinematic
quantities are célculated in thé l&bcratory. fﬁ%—m is the
tvo-body cross section evaluated in the <centre of mass of
particles 0 and 1. S is the spectrcscopic factor or reduced
width awmplitude denoting the probability of findirg the tarj2t
nucleus in the (coretejected nucleon) configuration. N is the
nuober of nuclecns in the subshell of spin Jg¢ and orbital
anqular momentum { from which particle 1 of intriﬁsic spin s is
ejected. (JaosMp) and (& ,Mc) are the angular momentum quantum
numnbers of the tarqget and residual ndclei, respectively. It can
be shown that lq;\ = Ii?l so that the ccmputation of g? nead
not be done for negqgative values of m.

The optical model wave functions were calculated using
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techniques develored by Helkanoff et ai. for the SEEK code
(166) for elastic scattering analysis. Wwoods-Saxon form factors
vere used for the potentials. The parametars were determined
from the prescriptions of Watscn et al (4SS69) who fitted
elastic scattering of 10 to 50 MeV nuclecns on all available ip
sheil tarqget nuclei. Their parameterizaticns are as follows.

V = 6C.~.30E+.4Z/A t27.0(N—Z)/AyHeV

«64E£10.0(N-2) /A, E<13.8 NeV,

W

i

9.6-.06E+10.0(N-2) /A, E213.8 MeV

The + sign is fcr protons and the - sign is for neutrons.

= 1.15(E-32.7), 32.7<E<39.3 HMev,

= 7.5 MeV, E>39.3 MeV.

rc_ = I.‘R = rz = 1.15‘.0013 fo
ap = «57 f.
ar = «50 f.

E is the kinetic energy in the centre of mass.

The bound state wave function R, (r) was aiso computed in a
Woods-Saxon potential with the diffuseness the same as ag = «57
f. but with the radius a free parameter as discussed lat2r. For
a given vell gecmetry, the well depth was variz2d until a bound
state with the correct tinding energy wuas ohtained.. .

Computer time requirements for ccnmputation of enarqgy
correlation spectra «ccnsisting of approximately 12 enefqy
values for each of 16 angle rairs was about 45 minutes on an
IBM 360 model 65. This is strongly dependent on the biniing

enerqy of the- ejected nuclcecon. The akove set of angle pairs
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vare equally shared between !3C and 9Be(p,Fn).
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DWIA CALCULATICNS FOR 9Be AND f’C(p,pn)

The solid curves on fiqures 4.2 and 4.3 are the
predictions of the DWIA for these two reacticns at all measured
angle Fairs. They are not arbitrarily normalized. The
parameterizaticn of the optical model potentials used for both
initial and final states is unmodified fron that given by
Watson et al with the exception that the spin-orbit term is
excluded. The discussicn of the spectrcscopic factors and bound
state rparameters used will be fpostponed until atfter the
following discussion of parameter sensitivity.

The gquestion of whether fitting the calculation to the
data will determine a parameter used in the calculation can
only be resolved by studying the relative sensitivity of the
theory to all the input information. Even though, in principle,
the optical model fpotentials are considered to be determined by
elastic scattering, there are often awmbiguities in this
determination resulting from such factors as the insensitivity
of the fits to the value of Vr2, Using the Watson et al
parameter set as a standard, several indiviiual parameters Ware
varied in the DWIA calculaticn to deternmine its sensitivity.

First, a rather 1large change 1in the opticél pFotential
depth and radius vere made while keeping Vr2 constant. r Was
increased by 20% and V was decreased by 44%. For both 93¢ anid
13C, little change resulted in either the shapes or the
magnitudes for the various angle fpairs relative to cne another.

There was a fairly uniform decrease in the over-all magnitudas
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of 10-15% for 9Be and 40-45% for 13C., Next, V alone was
increased by 20%. This rsultéd in onlv s1all (57%) changes in
the shapes of some of the spectra except for that of 982 at
(359,359) which was decrzased by 20% and the extrem2 tails of
the 13C curves which were attenuated. The general result could
be characterized by saying that the fits to the shapes of the
spectra were improved for 13C'énd worsenad for 9Be. Finally,
both the surface and volume imaginary pctential strength was
increased by 30%. This had no effect on the 9Be results and
almost ncne for 113C except that the tails vere again
attenuated., The general conclusion that cculd be drawn from the
optidal model ©parameter study is that it is not possiblz to
qfeatlv improve the fits to the shapes of the spectra and that
the over-all nwmagnitude is sensitive <c¢nly to the radius
parametef.

The effects of varying the bound state parameters were
also studied. Bcth the radius and diffuseness cf this pctential
vell were individually altered while the optical model
parameters remained unchanged from thcse of Watson et al. The
result can be stated very simply. Such alterations had very
little effect on the shapés or relative magnitudes of the cross
sedtions ;t the various angle pairs. Only the ovar-all
magnitude of the cross sections was changed significantly. Thé
magnitude was increased by an increase in cither the radius or
diffuseness of the bound state potential well. For th2 san2

change in RMS radius of the wave functica, the cross section

seemed to be more sensitive to thz diffusen=ess than the radius.
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In summary, the parameter studieé indicate that DWIA
calculations for the (p,pn) reaction c¢n nuclei with such small
neutrcn separation energies as 9Be and !'3C predict croass
sections that are fairly isctropic with angle. No reasonable
variation of the optical mcdel or bound state potential
parameters will permit the theor? to reproduce the anqular
dependence of the 9Be experimental cross sccticns for
asymmetric quasi-free angle rpairs. For example, at the
(proton,neutron) anqgle pair of (49.19,389), the theory is too
" small while at (S40,339), it is toc large. Also, no parameter
variation significantly shifts the pcsiticns of the peaks of
the cross secticns in the enerqgy correlaticn proj2ctions. In
the plane wave theory, these peak positions ars deterained by
the RMS radius of the bound state wave function. In this
distorted wave theory, the results seem toc derend mainly on how
much 'of the bound state spatial wave function extends out past
the distorting ©Ffotential. Further, the only aspect of the
results that 1is strongly affected is the over-all magnitude.
This makes it difficult ¢to determine the RMS radius of the
bound state wave function by fitting the data because this
parameter has much the same effect on the calculation as the
spectroscopic factor ﬁhich is also uncertain.

For the fits shown to the 13C dJata, the bound state
potential radius, rg, was chosen to be 3.7 fermis. This is the
value that yields the best fit using a spectroscopic factor, s,
of unity. The data could be equally well fitted by a larger

radius toqgether wih a smaller value of S. Hcwever, the valu2 of
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rsT chosen 1is already somewhat laryger than thdt obtained by
scaling by A:b the value of 3.5 f. used for a gquare well hy
Lim and McCarthy (L64) in their analysis of 12C(p,2p) at 155
MeV (A, 1is the mass of the core nucleus). Their choic2 is
consistent with information about ctarge distributicns fron
election scattering., Purther, the inclusicn of a finite
diffuseness in the present case is equivalant to th2 use of an
even larger radius with a square ueil. The conclusion that can
be drawn from these fpoints is that either S is large or rg is
abncrmally la;qe. Cohen and Kurath (C67) have calculated a
theoretical value for the spectrcscopic factor of .61. Their
calculation is Lased on effective interactions deduced by
fitting experimental enerqgy levels. Taketani et al (T68) obtain
a value of .82 fron tﬂeir DWEA analysis of the 13C(p,4d)
reaction for the transiticn to the grcund state of 1'2C, A valua
of wunity is rrokably within their uncertainties. If We take
this as an upper limit for S, a lower limit of'3.6 f. is set on
the RMS radius cf the py, neutron, provided, of course, that the
DWIA is valid for this r2action as far as the prediction of
cross section magnitudes is ccncerned. It is worth noting that
a value of S of .75 can be accommodated with an RMS radius of
3.7 f. when a well radius and diffuseness of 3.0 and 1.0 f. are
useéd. The 15% estimated uncertainty in the absolute maqnitudé
of the 13C(p,rn) <cross sections can be translated into an
uncertainty in RMS radius of approximately 5%. It is impnrtant

.to note that the values of RMS radii kbeing jiven ha2re represent

the separation of the neutron and core rather than the neutron
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and the centre of mass.

The curves shown for 9Be(p,pn) in figur= u.z\were computad
with a spectroscopic factor of 1/3 and a bound state ralius of
3.0 f. which 1is close to the result cf scaling the 32C valu2 by
A!3. The corresponding RMS radius is 4.0 f. It shoull bé notad
that the definition cf of spectroscopic factor being used here
does not include the number c¢f neutrcas, I, in the outef
subshell., This number is 3 in the case of 9Be and is includad
separately 1in the expression fcr the cross section. Because of
tha very small neutron and alrha-particle serparation energies
for 'this nucleus, it is tempting to consider it in terms of a
alpha-alpha~neutrcn cluster structure. This would be consistent
with the spectroscopic factor of 1/3 which means that there_is
effectively only one neutron available to be knocked out.
However, Cohen and Kurath predict an even smaller value of .58
for the product of N and S. Using this value, a set of bound
state parameters that will fit the magnitude of the data is a
radius and diffuseness of 3.0 and 1.0 f. with an RHS radius of
4.63 f.

Finally, in figure 4.4, the DWIA calculation is compared
with the 12C(p,rn) data at the one angle pair at which the
measurement was made. The radius and diffi1s2ness of the bound
st?te vell vere taken to be 3.5 and .57 f. with a resultant RMS
radius of. 2.83 f. S is given a wvalua of .4 in order to
normalize the <calculation tc the data bu:t the proton-n=2utron
interaction 1is so far off the energy shk2ll with this tarqgat

that the on-shell approximation makes the magnitude of the
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calculation uncertain. Although thke fit tc¢ th«~ shape is tiir,
there is probably neither sufficient exparimental data nor
confidence 1in the calculation for this targ:2t to justify an
attenpt ¢to draw conclusions concerning cha:aéteriétics of the
bound stata, One point that can be made is that the calculation
does not seem to show any of the asymmetry that seems to ba
pr2sent in the data.

DWIA calculations were not attempted for the reactisns on
6Li because of the importance c¢f tha2 previously-discussed
s-siate admixture in this nucleus. The associated complexities
invclving the unbound residual nucleus are not easily

incorporated in the DWIA.
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5. SUMMARY AND CONCLUSICNS

The (p,pn) reaction on four 1p shell nuclei, &Li, °B=2, 13C
and 12C, as well as the 6Li(p,2p) reaction have been studizi at
46 MeV. A number of suprising features have been found. In the
case of 8Li, the (p,pn) cross sections are about four tinmes
those for (p,2p). Also, the (p,pn) data at guasi-free angles
show a marked anqulét dependence nct observed with (p,2p).
However, the shapes of the rfrecjections of the enesrqy
correlation spectra are quite similar for the two r2actions ani
show the strong s—-state comronent previocusly cbserved at higher
energies. The «cross sections for 9Be and 113C -also show
siqgnificant anqular depeﬁdence althcugh it is qualitatively
different from and not as dramatic as that of 6Li(p,pn). At one
pair of angles, the cross section fecr {p,rn) on 12C was found
to be somewhat larger than for (p,2p) although the differance
is much smaller than that Qbserved for 6Li. The shapes of the
projections are gquite different for the twc reactions.

The data were <ccmpared with the Plane #Wave Impulse
Approximation which, not unexpectedly, was found inadequate in
several respects. Most notakly, a single renormalization to
take account c¢f absorption does not briny it into agreement
vith tha data. Also, BRMS radii cf bound state wave functions
giving the best fit to the shapes of th2 spz2ctra are
unrealistically 1large. These. discrepancias arz attributz2d to

the absorptive and diffractive effects c¢f thes core nucleus.
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An attempt was made to take acccunt of these 2ffects by
means of a zero-range distorted wave calcalation. For 9Be and
13C, this calculation was found tc ke very sensitive to the RMS
radius of the bound state wave function of the ejectel nentron,
However, it is cnly the overall magnitude of the results that
is siqnificantly affected so that the determination of th= RHS
radius frcm the fits is cnly as reliable as the valu=ss usad for
the spectroscopic factors for the reacticns. Tha quality of the
fits to the shapes and angular dependence of the cross s=2ctions
is not greatly affected by the adjustment of any parameter of
the calculation,

A conclusion that can be drawn frco the present studies is
that the (p,pn) reaction, especially when studied at various
asymmetric quasi-free anqgles, is useful for revealing reaction
ﬁechanish complexities that tend to be masked with the (p,2p)
reaction at symmetric angles ftecause of th2 symmetriess imgposed
on the cross sections by the identical particl2s in the final
state. This capability of the (p,pn) reaction was first
exploited by Peterson et al (E70,P71) in their studies of
deuterium. In the present work, all of the targets investigated
with this reaction resultzd in cross sections whicﬁ showed
significant asymmetries both in their derpandence on angle and
in ' the energy correlation projections. It 1is particulaly
significant that distorted wave calculaticns show no tzndency
at all ¢to imitate this behaviour although, in other respects,
the fits are fair. This inadeqpacy is taken tc wmean that, =2ven

with a target such as 13C with tke desirable spectroscopic
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confiquration of a single nucleon relatively lightly bound to a
core with a closed subshell, and especially with ®Be and 6Li,
there are significant departures from what Lim and McCarthy
call the "Quasi-three body assumption" (L66). In cther words,
optical model fpotentials do not seem tc adejuately describe the

effects cf the presence of the core nucleus.
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