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United States Government or any agency thereof, or the Regents of the University of
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lz(p,Zp)Bll REACTION AT 50 MeV
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ABSTRACT

- The Clz(p,Zp)Bll reaction has been studied at a bombarding energy of

- 50.0%0.2 MeV with an energy resolution of 300 keV. Transitions were observed

~to the ground state and) to the 2.1k, k.46, s5.04 and>6;76 MeV excited states

11

of B7. Angular correlation measurements have been made in various coplanar .
geometrical arrangements. In the symmetric geometry, where the protons are

~detected at equal angles on either side of the incident beam direction, the

angular correlation was meaéured from 150 to llSO. In an asymmetfic geometry
in which one detector was fixed at 300, measurements weré‘made.as the other
detector was ﬁoved between 150 aﬁd 100° on the other side of the beam direc-
tion. Both of the angular corrélations are characterized by a géneral rise
in the forward direction, modulated by a diffractioh—like structure, when
only those events are sélected in which the energies of‘the selected protons
are equal. The results of a distorted wave analysis are presented and dis-
cussed.. The formation of the L.46 Mev (5/2;) and 6.76 MeV (7/2-) states is

1
discussed in terms of the ejection of a proton from the 1f shell in C 2 and

: more-attractively, in terms of a two-stage process involving both the ejection

of a lp-state proton and a core excitation



- spherical shell model. Several authors
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I. INTRODUCTION
The stddy of (p,2p) reactions has ﬁecome, over the last several years,
an established method for studying nuclear structure.l Most exﬁefimehts have
beén in the energy range above 150 MeV and most theoretical analyses have been

in terms of the impulse approximation with semiclassical corrections for ab-

'sorption of the incoming and outgoing protons by the residual nucleus. A re-

view-article by Jacob and Mari52 summarizes the present experimeﬁtal and theo-
retical situation from the above viewpoint.

We‘have been led to study the (p,2p) reaction at 50 MeV by both experi-
mental and theoretical considerationé.. The experimental‘considerations;ére
those of energy resdlution, duty factor and beam intensity. In the high-energy
experiments the energy resolution has not been adequate to resolve individual

states of the residual nucleus. Because of this it has not been worthwhile to

© consider the data in terms of nuclear models more refined than the j-] coupied

3

have used more sophisticated models to
predict which states should be observed with improved energy resolutlomn, but no
direct verification has been given. Using the new sector-focused cyclotrons and

solid-state particle detectors it is now eésy to obtain energy resolution of a

. - e
-'few hundred kilovolts, about ten times better than previously attained.  More-

over, the improved duty factor and higher beam intensity of the new cyclotrons
makes it possible to cobserve the reaction over a wider angular range than has

previously been feasible, and to make a more detailed examination of the avail=-='.

able phase space. On the other hand, the reaction at 50 MeV is much more limited

by kinematic factors than at higher energiés: it is not energétically.possible
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to oﬁserve thé highly excited states-of the residual nucleus which correspond to
the.removal. of deeply bound protons from the target, nor is the range of phase |
space available for a given transition as large.
Theoretical'considerationsvwhith make 50 MeV an interesting energy for
studying (p,2p) reactions are several. Primarily the reasons which lead to
the choicé of.much higher bombarding energies for spectroscopic studies5 sre
exactly those which cause increased interest in the reaction mechenismiat lower
energies. Lim and McCarthy6 have shown that within the accuracy of experi-
ﬁents so'féf performéd it is not possible at 150 MeV to diétinguish Eetween
the impulse approximation and the distorted-wave t-matrix approximation.’ Simple
treatments vawave distortion have been shown to be sufficient at the higher
" bombarding energies. It is in the low energy region that off—energy—shell
effects will be most important and that distortion effects may produce signif-
icant changes in the reaction mechanism.  One possible complicationlthat may
‘arise at these energies is that the reaction will cease to be a pure direct’

7

single-stage reaction and compound nucleus effects will contribute. Detenbeck

z
lh(p,Ep)Cl) reaction proceeds in two stages

imsfmmd,fm'm@mﬂa that the N
at 19 MeV. The choice of Clg,for thé_target was made for several feasons.

- This target has been extensively studied af higher energies. The‘binding-energy.
of the ﬁrotons is large so that the scattering is far from the enefgy shell.

Finally, its structure has been well investigated, having a large component of

a closed p3/2 protoﬁ shell in the j-J coupling model.
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IT. TEEORY
Ina (p,2p) experiment the momenta of both protons in the final state
are measured so that the moment;m transferred to the residual nucleus {core)r
is completely specified. The three-body nature of the final state alléws a
wide choice of regions of phase space in which momentum transfer distribufions
can be measured. The theoretical understanding bf_the reaqtion is simplified

if it can be considered as & direct interaction. For this reason it is advan- .

tageous to observe the final states in regions of phase space where the relative

"energles of the three particles are such that the proton—coré and proton-prbton

scattering amplitudes are all smoothly varying functions of energy. The two-

body Scatteringvamplitudes may then be described by a potential model,,whefe',

+the potential that describes the proton-core interaction is complex. This is

the simplest approximaticn that allows for the fact that more than one channel
is excited in the reaction.

The experiment is understood as a guasi-three-body reaction in which a

‘bound proton is removed from the core. The simplest such reaction is one in

which the core is not excited. If the core is excited the theory must include
a description of the excitation mechanism as well as a description of the knock-
out process. The first step in a detailed theoretical descriptibn is to under-

stand the knock-out procesgs itself without the complication of core excitation.

" For this purpose the bound state wave function is chosen to be & lp wave function

in a massive central sguare well of 3.5 Fm radius.6 The depth of the well is

selected to give a correct binding energj of the proton of 16 MeV. This choice.

vyields good fits to the C”g(p,Qp)B ~data at 155 MeV and is consistent with

. electron scattering measurements.
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At incident enérgies above about 150 -MeV the distorted wave impulse approxi-

mation: has been shown byimeny authors™’ . to be sufficient-to fit the.data.” Lim

12 11

n

and McCarthy6 showed tha* for C (p,2p)B ~ at 155 MeV the distorfed wave lmpulse

approximation is as good as the distorted wave t-matrix approximation for the

9

same pfoton—proton and‘pfoton—core interacticns. Jackson and Berggren showed
that at 180 MéV the eilkonal approximation is sufficient for the distorted waves.
The difference between the distorted wéve impulse and ﬁ-matrik approﬁi-
métions is thétvthé impulse approximation uses only information about the twé
body amplitudeslon the energy shell; thié is the information which can be obtained
from scattering expefiments. The distofted wave f—matrix approximétion uses a
finite range pseudopotential description of the (p,p) interaction which is a model
for the (ﬁzp) t-matrix off the energy shell. It—usesvprotoﬁ—core wave functions, )
- computed frbm two-body scattefing data, that are on the energy shell, but the
distortion results in off-shell (p,p) amplitudes playing a part in the calculation.

The p-p pseudopotential used in this work is parameterized in the following way:

-
H
h

. -w.rfu.r -w.rfu.r T . '
oM T ettt e 5/ 3 j -
v(r) = A10"0[ ' / Ay / I ; (1)
'~ wnere " A, v, = =83 MeV, p., = 0.73 Fm L, Hy = 1.5 fm“l n, = 3.0 Pt ,
10°0 . S < ] ! 7
a2 = =5 'and a5 = 20
There are two parameters, AlO and All’ to the pseu.dopotential,15 ohe déscribing

- scattering in the singlet even state, and one in the triplet-odd state. The former

is determined by fitting (1) to the differential cross-section for p-p scattering as

.S

o
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"avfunction of enerév. “The pseudopotentiai for the triplet state, taken as a

constanu All/AlO>t*meS (1), isbnot de+¥rminéd by scattering and (All/AlO. ié
treated as a parameter to be determlnoa from the . fit to the C (p;2p ll dataf:
Bofh approximapions have conceptual difficulties. For the impulse
appfoximation ﬁhe momentum.trénéfer’énd incidén£ energy in éhe free (p,p)
experiment which correspoﬁd 10 a particular momentum transfer in»the"(p,Qp)-
experiment are not uniquely dennned by the theory In early'calculations semi--
classical assumptions were made for the ”intgrnal (p,p) collision". The dif-
ficﬁlty of the t-matrix approkimétion.is that the Sff—éhell,(p,b) émplitudes are
th knoﬁn from a scattering'expgriment. The three-body experimenﬁ may.be re-
éarded.as determining them. In this the (p,2p) experimentvis comﬁlemegtéry to;'

two free nucleon experiments. However we must have a good model for a three-

body problem if the determination is to be meaningful.

- . . . v . . L
" The distorted wave t-matrix approximation matrix element is

. ) ' . o
T =_fd’rl fd5r2><§ ¥ <kL,r W (lgﬁ <1al-§ef>x<“(lgo,5lzv/§ (z,) (2)

PN
oo

i \
VR e

where X +>(§O§£l) and X<—)‘(§}£) are the incoming and outgoing distorted wave,

e

~ respectively, v({gn—r |) is the pseudopotential of (1) and ¢LM(§Q) is the bound

state wave function of the struck proton.

. : N
If the Fourier transform of the optical model wave function X<">(k.,r)

4 . (%) e e M , )
#s agnoﬁed by o, <§i’§> and that of %If(aj by ¢LM(@), qu (2) can be re-

written as

t
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T = frin fd5k’ fd5k” fd5k’" ¢(‘)*(k k)¢(‘>*(k g‘)¢<+>(k ,g“)¢LM(g"') :
% V(}i)&l )&n;%m) . . - : ‘ . (3)

Notice that the Fourier coefficients would be delta functions for the case Qf
free (p,p) scattering.

The (p,p) scattering amplitude

. v Z Ak At . . . )
V(}&,l&"?,}i“,l‘v&m): fdj'rl fd3r2e -L%{., I L ;,C.Q_ V([l:«_']_—EQD e v Al W {Q ()4.)

is pregent for all possible values of the arguménts, includihgithose-which do
not conserve momeﬁtum. If V([£1—£Q!> is a psegdopotential.the expression (&)
. 1s a model for'the actual (p,p) amplitude when momentum islconservéd.
'Becausevfocus effects in the final state proton-core wave funcfions
cause large distoftiOns ét 50 MeV incident energy, this energ&fis very useful
for examining the‘quesfion of whether the distorted wave t—matrix approximation
4i#se1f) on which a;l present understanding of the (p,2p) reaction is based, is
a good threegbody medel. It‘certainly'cbntains thfée—body effects at 50 MeV,
in the sense that éff—shell (v,p) amplitudes are important. The qﬁestion is.

whether they are the rignt three—body effects.

ITI. EXPERIMENTAL ARRANGEMENT AND PROCEDURE
The Berkeley 88-inch Cyclotron was used to direct a beam of 50.0%0.2
MeV protons through the center of a 17-inch scattering chamber. For this experi-

ment the beam, after being energy analysed to an energy spread of. less than 100 keV,

]
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was, fbcused without further collimation to'a 1 mm X 1 rm spot. on the target
with én angular divefgence less than 0.5 deg. Béam.intensities ranged from
1 to‘SO nA.. The self sﬁbporting target, 2.3+0.1 mg/cm? thick, wasrmade by
heating filter paper first in air and then in vacuo. Beam currents were
read in a Faraday .cup and integrated electronicélly. ,

- The outgoing proton pairs were detected in fwo independently moveble
coplanar solid-state detector telescopes mounted in the eQuaiorial plane of
the scattering chamber. .Each telescope consisted of a 0.5 mmuulithium4drifted

silicon AE, and a2 3 mm: lithium-drifted silicon E detector. Protons of

energy less than 9 MeV would not penetra%e.the " /E  counter, and protong of
~energy greater than 25 MeV would pass completely through both counters,

© providing the energy limits over which the outgoing protons could be usefully.

' ' 12 B
detected. Since the-‘Q-value for the C (p,Ep)Bll reaction is -16.0 MeV, a
maximum of 34 MeV is available 10 share between the outgoing‘protons.. By

imposing the requirement that each prdton shall pass through the AELdetector‘

~and.thus have at least 9 MeV, wevensure that the energy of each proton shall

“also be less than 25 MeV and fall within the range of the E detector.

The counter apertures were defined by tantalum collimators 10.16'cm

from the target,each. of which'subtended'6.9 % J.O—5 steradians. For most of -

the symmetric counter work, a 0.955 cm diameter circular collimator was used

which gave an angular acceptance of 5.:40°. The rest of the work employed a

square collimator of side 0.8%8 cm, yielding a horizontal acceptance angle

of h.7°. .
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A.schematic block diagram of the eleétronics'is shown invFig.vl.
Essenﬁially all thg 0perat10n5fﬁere performed within the Goulding—Iandis'
system. The fourfold fast éoincideﬁce was sufficient to resolve events
originating in différenf r.f.'beam.pulsés from the cyclotron.but not to
separate events originating in the.same beam pulse. The beam.strdcture
consisted of eQual intensity pulses of leés than 10 nanoseconds width and
spaced 65 nanqseconds'apart, The single-channel pulse height analyserg
enabled us to remévé elastic scattérihg events before the fast‘coiﬁcidence
circuits.. The linear.gates were Opened only for events in which a fourfold -
coincidence had'been-reCOrded.F“Eurther~SelectiOn:was-made;bythobGOuld;ng-
Landisll particle identifiers, which énsﬁfed fﬁat each recqrded evént con-
sisted of a proton detected in both counter telescopes; The adding and
subtracting circuits enabled us to obtain two-dimensional displayé,in a
vfprm.apﬁropriate for the reaction kinematics.

An important feature of the electronics was the use of a fourﬁfbld
gated pulser of good linearity and accurate timing. Pulses wefe fed into
eacﬁ preamplifier throughout the experiment and recorded with the data. By
this.means the amplifier gains could be adjusted and MOﬁitored. By obéerving
the‘loss of pulser counts between the input and putput éf the whole eiecfronic
system, counting losses due to dead times and pilefup could be measured. AllL
results'haQé been corrected for such,lbsses which, in géneral, did not exceed
5%. - No separate measurements of chance coincidences were made. Allvthe_eventS‘
of interest fell in sharp kinematic lines with chance coincidences forming
a‘smooth'background, which could easily bg‘subtracted. This procedure was

found to be reliable in tests-made as a function of beam intensity.
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The data were taken in two 80 hour runs, separated by a periocd of six

- months. Measurements repeated within each run and in the two runs separately

-were found to be consistent. The results displayed in the next section are

shown with relative statistical errors. The absolute uncertainties are pro-

| bably less than 10%.

IV. RESULTS
Figure 2 shows a sample summed. enérgy spectrum El + E2 obtained with -
both detéctors at 6 = 35°, averaged over the range [El - E2[< 5 MeV. Energy

resolution of better than 300 keV permits us to separate and_idenfify the first

~ four. states of Bllm These states have all previously been observed; the iden-
tification of the states observed in the present experiment is made by compari-

. son of peak positions with pulser calibrations at various angles. The fifth

state observed is indicafed by our energy calibration to be the 6.76 MeV state.
However, the energy resolution is not sufficient to rule out an appreciable

contribution from the known state at 6.81 MeV. Nevertheless, by comparison of

12 ( 11 11

p,a)c™, ¢(a,t)0

lg(d,HeB)Bll reactions which we have studied at the séme energy, wé are

convinced that any contribution from the 6.81 MeV state is negligible.

A detailed discussion of the excited states will be given in section V.

.The remaining parts of this sectlion are concerned with angular correlations

for the ground- state transition.
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A. Symmetric Counter Geometry

In this geometry the counter telescopes were moved s0 that they made

equal angles e on either side of the beam direction. This geometry has the
. feature that when El»: E2 the recoil nucleus alwajs moves along the beam
"direction. .At 9m=752°‘the recoil nucleus has no kinetic energy for transitions
to the ground state. This arrangement is that most commonly used at higher
energies. Figureki shows the differe#tial cross—sectionfdd/dﬂl'dQEVd(El - E2)
for the groﬁnd stgte transifion; averaged over thg regionnin which»[Ei - E2[ <V5
MeV. By contrast with the corresponding results at high energies We-see here a
rapid rise at small angles and oscillatory behavior at larger angles which is
reminiscent of diffraction strﬁéture.

Figure Mrshows the (E1 - E2) spectra taken at various anglés. We have
studied fheée épectra to teét for sharp structure. Such structuré coqid appear
if fhe reactibn proceedéd through long-lived proton unstable excited states of
012 in the excitation region between 25 and 40O Mev. Essentiélly no indicatioﬁs
of structure are present. Thé spectra mu;t, aé_a consequence of the éeometry,
be symmetric about El = E2.

If the plane-wave impplse approximation were correct. the El - E2

spectra of Fig. 4 and the differential cross-sections of Fig. 3 would

V-_ show a commén dependence on the magnitude of the momentumlmtransfer to

. 11 '
the recoil nucleus B . In general we do not observe such a common de-
pendence, * except near zero momentum transfer to the residual nucleus, where

some dependence of the cross section on momentum transfer is apparent.



fscattered from Bll

‘

as a dotted line in Fig. 3.
Since the distorted wave t-matrixuapproXimationfanalysisvi&hmsbsehéitive

to the optical parameters of outgoing protons, 17-MeV protons were elastically

and no spin-orbit term.

| V(r) = -(v ; iW) [; + exp (r—rd/a)]-

o)

The parameters are given in column 2 of Table I, along with those-uséd for the

N
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to obtain these parameters.

The data and best fit found

1

'UCRL-16913.

by drawing smooth curves through the Bl - E2 spectra. The results are shown

- by search in four parameters are shown by the circles and solid line, respec-

(5)

2,
“iIncoming protons as determined from the data of Craig, et al., in column 1.

, Table I
1 2 )
E(MeV) ke 17 17
 target o Bt Bt
VO(MeV) 38 50 70
W(MeV) 11 '8  5
o (fm) 1. 1.3 1.2
a(fn) 0.5 0.5 0.5

We have estimated the cross section for exactly equal energy sharing, El = E2,

'tively, in Fig.'5. The well used was a Woods-Saxon well with volume absorption

‘

£
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The_distorted—wave t-matrix appréximationvcurve;with the -final state
parameters determined by fitting elastic scattering gives énvextremely poor
fit to the (p,2p) dataéj theé major discrepaﬁcy;iSythaﬁitheiSmalliangleIparts
of:-thencutrve _areimoved about ten.degrees toatHeglefﬁ in\the thedry; AT

The calculation that gave the sclid line in Fig. 3 used the final
state optical model parameters given in column 3 of Table¢I. Even 1f one
increases Ty to 1.5 Fm andwreadjusts Vd to compensaté for.t?e weli'known
Véro2 ambiguity, thg value of V_o is stiil about 10 MeVilarger than the value
which fits elastic scattering. The parameters of-column 3 yield a much worse
fit to the elastic scatteripg as shown by:the dashed line in Fig. 5.

The maximum at 100° in Fig. 3 is abseﬁt if only the_sing%et—even
part of the (?,p) inferaction as used in the theory. A‘tripiet;odd contri-
bution eqdal tQ about 1/5 ofvthe singlet-even part enabies this maximum to.

Tﬁis is about the upper limit.of a

15

be fitted in magnitﬁde and position.
possible contributionr‘determined froﬁ shell model caiculatibns.

. of thé‘foﬁr peaks in the coplanar e#periment only two can bé under—
stoocd as anélogous to diffraction structuré. These are‘the iniﬁiél forward
rise, which is enhanced by. the effeét of the larger'(p,p) scattering ampli-

tude at forward angies, and the 65° peak. They correspond to the first peak

in the spherical Bessel function for positive and negative momentum transfer.

The Lo° peak is understood as a distortion effect correspondiﬁg to the filling -

in of the minimum observed near:zero momentum transfer; in (p,2p) experiments

at higher energy. It is analogous to the maxima at small angles observed in
(p,p') inelastic scattering for 2+ excitation where the plane wave theory

predicts a minimum.

L]



the correct three body effects in the (p,2p) reaction.
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On_thé basis of this analysis we draw thé conclusion that the three-
bod& effects in the distorted wave t—matrix,appriximationaareIxtwthegright;ones:
These effects aré introduced by the proton—cqre pétentials causing distortion
which makes the Fogriér coefficients of Eq.(B)Very different from B-functions.
This in turn causes large contributions from of f-shell (p,pj amplitudes (Eq. (4)).
In order to introduce more correct 3-body effects the feature of the caiculation
that introduces them, nameiy thé proton-core potential,vmust‘be chaﬁged.v There
is a definite.discrepancy between optical model wave'fuﬁctions'which fit proton-

core .scattering in the absence of the third body and the ones which introduce

'

il

B. One Fixed Counter Geometry =~ o | .

In order.to test whether the conclusions, drawn from the analysis of

'_results of the symmetric work are generally correct and are not just a property

of the rather special region of phase space observed in the coplanar symmetric

experiment, further work was done in which one counter telescope, 91, was held

fixed at 30°. The differential cross section, dc/dﬂldﬂgd(El—E ) is shown in
Fig. 6, again averaged over the region [El-EQ[ < 5 MeV. Again we note a shérp

rise in the cross section at forward angles. The diffraction type structure

is also present, but with a periodicity of about one half that seen for the

symmetric work. This is not unexpected since only one counter is being moved

' so'that the separation angle between the counters, 91'% 62, is increasing at

on ‘half the rate of the symmetric work.
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If the deeper potential felt by the outgoing protons in the (p,Zp)

"éxperiment than elastically scattered protons.is indépendent:of the geom-

etry, then the best fit to the asymmetric data will be obtained with set .3
of final state potential parameters in Table I. These are the parameters
which best fitted the symmetric experiment.

The theoretical curve obtained from these parameters is shown as

. the solid curve in Fig. 6. Many calculations with smaller values of the"

final state potential were performed. In these, the other parameters of

" the theory were vafied to see if{they would have the same effedt as inQ

-~ creasing Vo; They did npt, and set 3 in fact provided thejbest'fit. Any

smaller value of Vomoved the curve further to the left, irrespective of the

- values of other parameters.

C.  Other Geometries

Two other arréngements wefe devised to provide soméAihsight‘into
the features of the react;on, independent of the analysis described abéve.'
| We first tried to iobkvat the process as a (p,Hez) piékup'réaction,
To ao this we fixed the relative énefgy of the outéoing éroton pair by

maintainiﬁg the angle between the detectors, 49, at 20° and Selécting only

‘those events in which the two protons have equal energies. The mean angle

of the two‘counters, eo; was then varied from 250 to 550; ‘This arrangement
held the relative mdmentum of the two outgoing protons constent at about

60 MeV/c, and varied the momentum transfer. to the residual nucleus, simu-

lating a pick-up feaction leading to a final unbound di-proton of about
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1-MeV internal energy. The angular distribution obtained this way is shown

in Fig: 7(a) where again \?l—EZ\ < 5 MeV. The cross section drops smoothly

with increasing mean angle, and thus with increasing momentum transfer to

the recoiling Bll nucleus, which varied from about 150 to 300 MeV/c. These

rather rough results are'qualitdtively as might be expected for such a

(p,He”) model for the (p,2p) reaction. It should be noted that such a

: ) : -~ 1k
process is describable in principle by the model of Lim and McCarthy.

Secondly we looked for effects of a final state interaction beyond

. that contained in the model of Lim and McCarthy.' This arrangement kept the

mean angle of the two counters, eo, constant at MOO, and varled- the separa-

 tion angle betweén the counters; Lo, from 20% to 40°. This holds the mo-

mentum transfer to the recoiling Bll constant at about 220 MeV/c, while the

'.ielative momentum of the two outgoing protons varies from 60 to 120 MeV/c.

The resulting cross section, shown in Fig. 7(b), stays quite'constaht;

showing no significant dependence on the relative momentum of the protons.

Thus if any contribution to the forward rise of the cross sections in Figs.

3 or 6 were due to an additional final state interaction, we should have

- seen a similar rise for this geometry at small 2A9. We should point out the

smallest 29 measured here, 200, was less than the separation angle between
the counter for the most forward angles in the symmetric geometry, but was
not small enough to provide a general test of a final state interaction

effect.

V. EXCITED STATES
The good energy resolution permitﬁed us to separate and idehtify
the first four excited states of Bll in the summed energy Spectrum,(See.

Tig. 2).
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R 11 o » .
Comparison of Clz(p,ZP)B spectra and angular distributions to those of

I ¢12(a,1e3)8M, which we have studied at the same

energy, and inelastic scattering results on.Bll permit a cquite unambiguous

l, with negli-

assignment of the fifth peak to the 6.76 MeV 7/2f level of Bl
gible contribution from the positive parity level:ats6.815MeV;”,
In the shell model interpretatibn and quasi-elastic scattering

approximation, low lying excited states are formed by knocking a;prdton

’ ~ ‘ : 12
out of the ground state of C  from a configuration other than pure

15

using intermediate coupling

wave functions,'and by Amit and Katzlé, show that C12 has a strong admixture

17

'

has given thé follbwing

‘spectroscopic factors for knock-out reactions on Cl2 at 150 MeV: 0.08 for

the 2.1k MeV 1/27 state, and 0.13 for the 5.0k MeV 3/2° state, where the

ground state factor is unity. This gives the right order of magniﬁude‘for

the cross sections leading to . those states, but failsito :give rany -informa-

tion about txanéitions to the L.46 MeV 5/27 state or the 6.76 MeV 7/27

 state. Calculations by Goswami and Pall8 gshow an:appreciable‘admixture of

2 particle-2 hole pairs of all orders up to (24, Y. . The;(lf7/2) and

3/2

(1f ) admixtures are 1.3% and 0.12% respectively, compared to 10% for

5/2

(lpl/é). These admixtures are quiteAinsufficientAté explain the large

. relative cross sections to the high spin states.

~» An alternative and inviting explanation would be to consider a two

stage process involving the excitation of the C12 core to its 2+ state at

'h.h3‘MeV.A'This state is known to have a strong collective character and to
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o . . . . .1
have a large cross section for excitation by inelastic scatterlngAg. The .

four excited states under consideration then would have a strong admixture

of the configuration of a p3/2 hole coupled to the 2+ core state of Clz.

' . - s s ) . 20 . . o
. To explain similar resulis at higher energies, Clegg ~, using the unified

Co11 1

model, has calculated expansions of the B~ states in terms of the c 2O+

ground state, 2+ state at 4.43 MeV, and L+ state of the same rotational

- band at 14.08 MeV. The first four excited states all have a large coeffi-

1z

_cient of fractional parentage (CFP) to the C° 2+ state. Only the 1/2°
_sﬁate , and to lesser extent the 3/2i state, have appreciable CFP's to the

- O+ ground state.

'

The angular correlations of events leading to these excited states
for the symmetrical arrangement are shown in Fig. 8. The l/Zh state has a

large forward peak and a deep minimum at about 300, very similar to the

~ ground state correlation. The 5/2° and 7/2° correlations have quite dif-

ferent patterns, with reduced cross sections at smell values of 6; the 3/2"

" correlation is intermediate between the two extreme patterns. These results
are in qualitative agreement with the previous ideas, where the forward
- angle correlations are largely determined by the one-stage process, and the

. L : . 21
two- stage process dominates at larger angles. Further evidence for the

plausibility of the two-stage excitation process is found in the decay of -
the low-lying excited states of B’, which implies a very small 1f -state

admixture in B”.

VI. DISCUSSION .

We have shown that the (p,zp) reaction .can be studied in the 50 MeV

~ region with sufficient precision to yield useful reaction mechanism information
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and to pro&ide new results of spectroscopic interest.

. The theoretical fits to our results, in an energy region ﬁhere'dis-
toftion and off-energy effects are expected to be severe, are fairly gooa
and at the very least add confidence fo the interpretation of data.using thé'
~same rmodel at higher, more favorable energies. The fits to our data do, how-
ever, réquiré changes of thevparameters of the distorting. potentialsifrom
those réquired'to describe elastic scattering. Further investigation is
needed‘tq upderstand this. It should be noted that the theoretical curves
of Figs. 3 and 6 represent absolute numbers. No arbitrary normalization ié
uséd. ,
A feature of the experimental results is. the comparativély large pro-
ductién of the 7/2— and 5/2— stafés of Blgf Present theoretical descriptiqﬁs

12 . - B -
of C do not gseem to provide sufficient guantities of 1f-state particles
for these to be produced by clean knockout. On the other hand, if their.
description in terms of a two stage process involving coré excitation is
correct, a more complicated descriptionuthan presently available may.be
‘necessary even for the gfound—state transition.

.The'nucleus we havevstudied; 012, is not by any means a typical one.

The p-p scattering is fﬁrther off the energy—éhéll than it_wouid bé for thé
loosely bound protons in most nuclei, énd'furthermore strong qollecti&e
effects are observed in inelastic scatiering experiments on this nucleus.
Thus, some of the difficulfies in interpretation we have encouﬁtered may be -
unusual. We feel that extension of measurements of this type*to other nuclei
and with energies between 50 MeV and ‘the qgasi—elastic region will prove to be

of positive value.
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FIGURE CAPTIONS
. Fig. 1. A simplified block diagram of the experimental arrengement used -
for the syrmetric counter work. The subtractor was not used for‘the
~asymmetric work.
. N , 12 11
" Fig. 2. A sample summed energy spectrum <El + EZ) for C7(p,2p)B "~ at
o . , 11 e .
50 MeV. The positions of the low lying states of B are indicated.
Fig..3. The ground state angular ccrrelation resulting from the symmetric
12 okl . ' 1
_ C 7 {p,2p)B " arrangement (see inset), averaged over the range

B, - EB\ < 5 MeV. The dashed line is an estimate of the correlation

1

' . ] ‘
for E, = E,. The solid line is the best fit to the c*z(p,ZP) work as

described in the text.
. Fié. L, El - E2 Spectra obtained during the symmetric géoméfry work. . Tﬁe
' dashed lines indicate the region over which the averages were taken to
- §btain the‘cofrelation in Fig. 3.
fig.‘5. The differential cross section obtained for thé elastic.scattering
of 17-MeV protons from'Bll. The solid line is the best fit obtained to.
the scattering data giving the 4 parémeter potential of cclumn 2 of
- Table I.b The désﬁed liné is the prediction obtained from the_pafam;ters
'giving the beét_fit to the Clz(p,Zp)Bll data; thé parameters are listed
in column 3 of Table I. | »
vfig. 6. The'angular-correiation obtained from the Cla(p,Zp)Bll éxperiﬁeht
with one counﬁer held fixed (see inset). The solid line represents the

theory using set 3 of the final state optical model parameters. The

correlation was averaged over an El

- E2 range of 5 MeV.
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Fig. 7. Angular correlatiocns obtained for the geometries shown in the

insets, average over |E. - EZ\ < 5 MeV. The arrangement of Fig. 7(a)

1
fmaintains the relative momentum .of the two oﬁtgoing protons at a
roughly coﬁstant value; that of Fig. 7(b) maintains the momentum
transfer to the recbiling nucleus at a roughly constant value.

Fig. 8. The angulér correlations obtained for the low;lying excited_
stateé of Bll from the symmetric Clz(p,ZP)Bll arrangement. The 1/2_.
and 7/2_ level results were averaged over ‘El'— EZ‘ < 5 MeV. The
results for the 3/2° and 5/2° levels were averaged over all phase space

available in the experiment: - EZ\ < 27 MeV.

|2,

-
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