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TWO—NUCLEON TRANSFER REACTIONS INDUCED BY POLARIZED PROTONS
John Alan Macdonald

Department of Chemistry and
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

Octobexr 1973

ABSTRACT

- >
(p,t) and (p, 3He) reactions have been induced by polarized

‘ 1
protons of 43.8 MeV on 6O, 15N, 9Be, and 7Li, and of 49.6 MeV on 13C

) 20
targets. The 8

. 2 . . . .
in 06Pb have also been observed. Relative differential cross sections

-> .
Pb(p,t) transitions at Eg = 40 MeV to four final states

ana analyziﬁg powers have been measured for over fifty transitions, of
which thirty-six have been compared with zero-range DWBA calculati;ns
with a spin-orbit potential in the proton channel, and employing wave
functions of Cohen and Kurath and of True and Ford. Although generally
good results for the differential cross seétion‘predictions were ogtained,
attempts to fit ﬁhe analyzing powers met with mixed results. In genéral
(;,t) results were fit better than (;, 3He), ground state transitions
better than those to excited states, and transitions to analog states
better than more complex transitions. These conclusions were not altered
by including the effects of spin dependence in the two-body interaction or
of SPiﬁ—orbit coupling in the exit channel. It seems doubtful that the
discrepancies can be overcome entirely‘by finite range calculations,

though they should be tried, as should attempts to evaluéte the importance

of second order effects.



I. INTRODUCTION
" In the decade or so during which directvtwoénucleon pickup

reactions have been extensively studied, the'(p,t) and (p, 3He) reactions
in particular have become well established as véluable spectroscopic'
tools (e.g., Cer 64a, Fle 68a, Fle 68b, Cer 66). Theoretical inter-
pretation of experimental cross sections utilizing the distorted_wave
Born appro#imation (DWBA) and incorporating shell-model wave functions
'(Gle 63, Gle 65, Tow 69) has led to the characterization of mény nuclear
energy levels.

In spite of the extensive success enjoyed by the zero-range DWBA
in describing many (p,t) and (p, 3He) differential cross sections at
forward angleé (6 <60° (e.g., Fle 71, Smi 70), someAevidence exists of
inadequacies in this simple théoretica; approach. For example, previous
reports (Fle 68a) describe several major inconsistencies in comparing
-the ratio of (p,t) to (p, 3He) cross sections to certain mirror sﬁéﬁes with
limits imposed by the theory, as well as the observation of a strong angular
momentum forbidden transition in the lp-shell. In view of these problems,
it is of interest to make further comparisons with.the simple theory by
measuring analyzing powers (defined on page 30), which are observed via
the left/right asymmetry in the differential cross sections for these
reactions initiated by polarized protons.

Measurements of polarization phenomena in nuclear reactions have
yielded a number of important results in the past. Early experiments
were restricted in versatility and precision bécause of the necessity

of using a double scattering technique. In this method, a partially
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polarizeé beam waé obtained by scattering an unpolarized beam on a primary
target; the secondafy scattered beam was collimacea.and then allowed to
impinge on a second target containing the nuclei of interest. The problems
of very low intensity and poor energy resolution were immense and limited
these investigations to high cross section processes, such as elastic
-scattering. Nevertheless, data obtained in this way, together with cross
section measurements, lead, for example, to improved descriptions cf
nucleon-nucleus scattering including spin-orbit effects in the optical
model (e.g., Fri 67). Barschall (Bar 67) and Rosen (Ros 67) have given good
introductory descriptions of this experimental technique, and some of the
results.

The buik of presently available high precision polariiation infor-
mation has been obtained using accelerator facilities equipped with
polariziné ion sources. With such apparatus it has been possiblekto
extend the scope of study to lower cross section reactions such aéﬂsingle
nucleon stripping (g,p),,in which spectroscopic information can be :derived
from the strong J-dependence of the analyzing power. Haeberii (Hae 71)
aﬁd Glashausser (Gla 74) have sgmmarized this and other work.

The investigation of two-nucleon transfer reactions with polarized
protons has been restricted by the large negative Q-values often encountered
which put them beyond the reach of a significant fraction of accelerators
equipped to do such studies. However, a number of sources of protons of

. 4 - 12 16 28 .
adequate energy are available and some results for (p,t) on C, o, Si,

176 16 >+ 3 :
and Yb, and for - O(p, He) have been reported by others (Nel 70a,

Nel 70b, Igo 73).

il



A£ the outset of this work, the hope was that for relativély
simple (g,t) transitions, for which good DWBA fits{for the cross sections
have been obtained, the analyzing powers too would be well desc;ibed
since both quantities are related to the transition amplitude in
simble ways. It then might be possible for one to obtain further insight
into the more complex (E, 3He) transitions and resolve some of the problems
encountered in the unpolarized work. For example, it has been suggested
that interference between coheréntly summed amplitudes might account for
_the abnormally low cross sections of certain (p, 3He) transitions compared
with their mirror (p,t) transitions (Flé 68a). Such interference effects
might show up ih the appropriate analyzing power data which are particularly
sensitive to the spin-orbit coupling in the entrgnce and exit channéls

i

(Fle 68a, Tow 69).
. 16
It soon became evident, however, from some early results on (o]
5 ‘ . . .
and 1 N targets at 43.8 MeV (Har 70b), that the situation was more -
complex than had been expected. It turned out that the analyzing power
was not necessarily characteristic, in any obvious sense, of the trans-
ferred quantum numbers even for simple transitions, while the situation
for the even more puzzling complex transitions was totally unclear.
An additional direction of this work became, therefore, to obtain
a fairly broad sample of analyzing power data in anticipation of future
theoretical developments. This study has been confined primarily to
L .. . 16 15
transitions between 1lp-shell nuclei including the results on O and N
13 , 7_. 9
above, C at 49.6 Mev, and Li and "Be at 43.7 MeV. Some results on a
208

Pb target have also been included for reasons to be discussed in

Chapter 1IV.



II. THE ﬁXPERIMENTS

If a polarized ion soufce is used to pfoduce a beam of good
quality and intensity, the measurement of analyzing powers for relatively
low cross section reactions becomes not only feasible but also com-
- paratively straightforward. Those techniques of detection and identi-
fication of outgoing reaction products can be utilized which have been
well developed in unpolarized experiments. Any added complexity over the
latter is manifestea primarily in the number of measurements which are

necessary, and in the amount of data handling and analysis to be done.

A. The Source

The key, then, té these experimehts has been the'availability of
the polarized ion source at the Lawrence Berkeley Laboratory 88-inch
cyclotron. Two excellent general reviews of polarized ion sources and
beams have been written by Haeberli (Hae 67, Hae 74).

The source for the 88-inch cyclotron (Luc 69, Cla 69) is of the
atomic beam type, mounted above the cyclotron vault, so that beam is
injected axially (vertically) through a hole in the upper main magnet
pole and then inflected electrostatically into the horizontal median
plane of the cyclotron. Both polarized protons and deuterons can be
prepared. A cross sectional schematic diagram of the source is shown
in.Fig. 1. The remainder of the axial injection system (not shown) consists
of three electrostatic triplet lenses in tandem which focus the beam to
the cyclotfon center, a buncher, which optimizes the injection of ions
to be in phase with the cyclotron dee voltage, and the electrostatic

inflector which is mounted through a hole in the lower main magnet pole
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of the cyclo£ron in place of ‘the normal internal'ion soﬁrce. In addition
there”is a system of electrostatic beﬁding plates, collimators, current
pick-ups,‘gnd aif—driven removable Faraday cups thch are aiso used in
tunihg maximum -beam from the séurce to the cyclotron.

The production‘of polarized protons at the ceriter of the cyclotron-

to be accelerated can be summarized as follows:

gas.

(1) Preparation of an atomic H beam from H2

(2) Magnetic separation of the atomic substates.

(3) Indﬁction of radiofrequéncy transitions between atqmic’sub-
states in a weak magnetic field to-achievé_the required
'.populafion distribution.

(4) Simultaneous jionization and'finél Orientatidn of-the_poiarized

protonsvin a stfong magnetic field.

(5) Electrostatic acceleratién and focuging of the beam to the
center of the cyclotrdn, where it is inflectedv909“iﬁtd the
median planef' |

with‘reference to Fig. 1, the operation of the séurce described

7

more fully is as follows. H2 gas is fed through a self regulating flow-

controlling valve, at a pressuré of Vv 2 Torr and fldw rate of Vv 100 atm cc

min ~, ‘into the dissociator where a 1.5 KW self excited oscillator induces

the reaction

hv

'H

5 > 2H. , vV v 20 MHz .

Atomic hydrogen is éxpanded through an orifice in the quartz dissociator-

. . . -2
tube into a second chamber maintained at a pressure of v 10 = Torr by a

high volume blower pump backed by a mechanical pump. The atomic beam is



o

g

theh passed through a secoﬁd orifice into a pressure of ~ lO--4 Torr pﬁmped
by two 10 inch diffusion pumps (D.P.'s). These two pressure differentials
and'orifice,establish a fai;ly well collimated atomic beam, which is

then passed through a third. orifice into the sextupole magnet chamber

at a pressure of & 2 X 10_6 Torr pumped by another D.P.

" The sextupole mﬁgnetic field (v 10k Gauss) effects a Stern-Gerlach
ééparation of atomic subsgates by acting on the magnetic moment of the
electron. Figure 2 shows the 1S enerqgy level diagram,fqr the hydroggn
atom as a function of magnetic field, in which I, J, and Fb='I + J are
the proton, eledtrpn, and atomic spins, respectively, and the subscripted
m;s are their rgspective spin préjections. Atoms in states 1 and 2 for:.
whiéh mJ = +1/2,\inq;ease in energy, aS'shown,‘with increaéing magnetic
ﬁield and are therefore attracted to a region of minimum field which is.
along the axis of the sextupole and are'therefore focused. By fhe same
token, atomé with mJ = -1/2 are attractéa to the strong field at ﬁﬁeA
poles, are defbcused, and pumped away. Emerging from the sextgpole,

then, is an atomic beam of pure m_ = +1/2.

J

The sextupole exerts a radial férce on the atom which is linear
with the radial distance, r, from the axis.l Since the beam enters the
sextupole with finite divergence and radial extent, radial oscillations

can be set up in the focused beam. However, since the magnetic aperture

is tapered to increasing diameter at the exit, the restoring force on

the atoms is reduced and the oscillations are damped, giving an atomic

" beam of good quaiity~and radial stability entering the next source stage.

Upon leaving the sextupole, the atomic beam passes through the

intermediate field magnet which is not used for brotons'(only for’
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Fig. 2. Rabi diagram for the ls state of hydrogen. The magnetic field
B (3bsc%ssa) is in Gauss. The atomic quantum number F, is defined

as F=J+ T where”J and I are the electron and proton spins, respectively.
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deuterons) and enters the weak field magnet whose field_lines are per-
pendicular to the beam axis. The change in the magnetic field is

adiabatic; that is, the change is slow and smooth so that the atoms' spin
vectors can follow the field lines. In the weak field, (v 5 G.) F is a gooa
qguantum number, and states 1 and 2, and 2 and 3 are equally separated

in energy. Transitions between states 1 and 3 (the latter being empty

after the sextupoie) are induced by an oscillating electric field of

v 7.5 MHz which is parallel to the beam axis. The beam leaving the
transition region then is all in states 2 and 3' and has mp = -1/2. .

The transition 1 = 3 is not reversible since the population of 3
is initially zero and, becaﬁse the pole faces gf the weak field magnet
are tapered, the exact resonance conditions are met only over a vefy
short distance. Therefore, these conditions exist for a véry short time
for each atom, and the efficiency of the transition is 99.5 + 0.5% (Gla 69).

Since state 2 is a mixed state of opposite proton and electron
spins, the proton has no‘preferred direction in zero magnetic field. The
polarization of the protons is defined as p = N+ - N—/N+ + N, where
Ni is the number of protons for which the sign of m is "i". The
polarization in state 2 fherefore dependé strongly on the external
magnetic field, being zero in Zero field and -1 in strong field. However,
state 3 is a pure state of pélarization -1, independent of external field.
Hence,‘in a strong field, a maximum béam polarization of =1 is possible.

Therefore, the atomic beam enters a strong solenoid whose field
(ﬁ 1500 G.) is parallel or anti-parallel to the beam direction, depending
on the current direction in the solenoid. The final direction of the

beam polarization is determined by the direction of the solenoid field.



~10-

It is also in this field that the atoms are ionized.by electron impact.
No depolarization occurs during ionization since the‘duration of the
impact is.short relative to the Larmor precision period.

This source is capable, in principle, of Vv 100% polarization; in
practice, the Berkeley facility achieves |pyl v 75—85%.2 Two main factors
preyent realization of the.theoretical limit. The first is the éresence
of an unpolarized hydrogen backgrouna in the residual vacuum of the
ionizer driginating primarily from water and pump oil.. This factor is
minimized by the use of liquid nitrogen'traps and good pumps. The second
factor is depolarization arising from scattering of polarized protons
with the residual gas, which can also be minimized by careful ionizer
design and good pumps. The ionizer.at Berkeley operates at a nqrmai
pressure of 10-7.Torr maintained by an electro—ioﬁ pump .

After ionizatién the polarized beam is accelerated through several
kV (depending on the final energy to be extracted from the cyclotron).

The accelerated beam is then focused to the centef of the cyclotron
where it is deflected 90° by an electrostatic mirror whose field is

inclined at 45° to the beam direction. The mirror is at approximately

the same potential as the accelerating voltage.

B. Experimental Layout

The experimental apparatus for these experiments included the
source, ﬁhe cyclotron, the beam transport system and the scattering chamber
.and polarimetér in the experimental cave. ‘The associated electronics
were located remote from the apparatus in the counting room. With the

exception of the polarized ion source discussed in part A of this chapter,
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the experimental apparatus differed 1itt1e from that used for con-
ventional unpolarized'experimenfs ana will beldeséribed rather briefly.
Figure 3 is a schgmatic aiégrém of the eéuipment.

The cyclotron'ahd‘its operation have been desqribedvelsewhere
“(Con 66). The center regioh of the machine has been modified (Luc 69) to'
accept ioﬁs from the inflector whiéh‘is on axis rather than from the
normal ion source which is located (when used) dff center. .The modifi-
cations!consist mainly ofvinsérts Eixed'té'the dee and dummy~-dee which
precisely control the rf field lines for the first few tqrns in ‘the
machine to establish the‘spiyal accélerating"beam orbit centered on the
machine axis, to avgid loss of the Beam due to vertical éscillations,
and to insu;e that the be%m initially clears the inflectdr on its first
 turn. |

The extracted beam, after having been acted upo; by X.and Y col-
limators (noﬁ shown) énd the first quadrupole doublet, was deflected 20°
by the switching magnet into the Cave 5A beam line. Collimaﬁérs lpcatéd
just inside Cave 5 at a radial focus provided for some beam energy analysis,
although the small deflection anigle at the switching magnet yielaed only
minimal eﬁergy dispersion. Final focusing of the beam at the cenfer
of the:36—inch scattering chamber was aéhieved using -a second quadrupole
doubiet in Cave 5. Additional collima;ors locéted in the chamber.in front
of the_taréetfprovided final clean-up éf fhe beam and, beigg electrically
isolatea,.ﬁere'used\as éurren£ éickups to monitor beam centering during
the experiment. Beam centering could aléo be.determined iﬁ a split

Faraday cup.at the end of the beam line which fed two current meters

connected to a single integrating electrometer. A small steering magnet
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Cyclotron and beam transpoi't to Cave 5A
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Fig. 3. Schematic layout of the cyclotron and Cave 5A experimental area.
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N~ 4 m upstream from the scattering chamber was used to maintain beam
centering.
The scattering chamber itself is 36 inches (91.44 cm) in diameter
. and contains two motor—driven wedge-shaped platforms upon which the
detector telescopes were mounted and which pivot about the center of the
o chamber;' The detector angles could be set remotely using television

monitors viewing angle scales which moved with each detector platform.

Two fixed counters in the 1id of the chamber at 6 = #8°, and 10° above

the reaction plane were used as monitors, to observe the‘target condition
and to obtain a normalization for cross section measurements. Both gas
and solid targets were mounted in a motor-driven frame whose position
could be remotely controllgd and monitored. ’ |
Located between the scattering’chamﬁer and the Faraday éup were

the ;oil.degrader wheel assembly and the polarimeter. The former was
used to degrade the 49.6 MeV proton beam to 39.8 MeV since the polarimeter
was not calibrated at the higher energy. The polarimeter was a smaller
and simpler scattering chamber containing a gas target cell with 5 um
Havar foil windows holding 4He ét N 1 atm pressure. Beam leaving the scat-
tering chamber target was recollimated before entering the polarimeter.
Elastic scattering of the incident protons on 4He could be measured by
two counter telescopes located symmetrically about the beam axis at a
back angle observing maximum analyzing power for p-0. scattering (v 130°).

: v '

Beam polarization was calculated\from the known analyzing power of He

for protons (Bac 72), and the measured asymmetry in the polarimeter.
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\ C. Targets

The motor-driven target mount in the scattering chamber could
be fitted with either of two target assemblies: One was a simpler ladder
typerof target foil holder with five positions, one of which was reserved
for the scintillator plaﬁe used in tuning the beam optics. The second
assembly comprised a two-position ladder and a cylindrical gas cell
with 5 um Havar foil windows. The gas cell was connected to an external
gas handling system capable of recovering valuable gas samples frém the‘
target cell. This system, as used in a different chamber has been
described in deﬁail elsewhere (Har 70a). Gas pressure was monitored
in a differential pressure gauge. Gas temperature was measured by a
thermocouple fixed to the targét cell.

: 1 . . .
The 16O, 5N, and 13C experiments were done with gas targets using

16 15

0 N, enriched to 99%, and 13CH4 enriched to 93%. Typical target

27 2
1 7. . 208 . cqs
gas pressures were 200 Torr. The "Be, Li, and Pb experiments utilized

' 2 2:
self supporting evaporated foils which were 650 ug/cm , 500 ug/cm , and

2 mg/cm2 thick, respectively.

D. Detectors and Electronics

Outgoing reaction products were detected by semiconductor.counters
maae at the Lawrence Berkeley Laboratory detector lab. With the exception
of the two monitor counters in the scattering chamber which were single
thick detectors, all detector systems were double, consisting of a thin
phosphorus diffused silicon transmission AE counter and a thick Li-drifted
silicon E detector (Gou 65). The particular thicknesses of detectors

used for each experiment depended on the Q-value of the reactions and
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the ranges of the particles of interest. Each detector fed a charge
sensitive preamplifier{located in the experimental cave whose output
was in turn fed to a linear amplifier located in the counting room.

For the two single monitor counters, liﬁear amplifiers capable
of high counting.rates were used since the counters looked at forward
angle elastic scattering with a high cross section and large background.
The slow output of each amplifier was fed to a'single channel analyzer
(S.C.A.) as well as to a linear gate which was triggered by the S.C.A.
In this way only events from the peak of interest in each monitor were
fed to a biased amplifier and output shaper and then routed to a pulse
height analyzerv(PHA) and also to a scaler.

Outgoing tritons  and 3He's were detected in four two-counter
telescopes mounted on the movable detector platforms in the chamber. The
two systems on each side of the beam axis were mounted 10° apart on the
platform, and the platforms were always set so that the two pairs'éf
telescopes were symmetrically oriented about the beam axis as shown in
the upper left-hand corner of Fig. 4. Collimafors (single for solid
targets, double for gas targéts) wefe such that the angular dispersion
was 1.1° and the solid angle waé 1 x 10_4 sr.

Figure 4 also outlines schematically the remote electronics fed
by the detectors whiqh was utilized to identify particles_of interest
and sto;e the data. Signals from the AE- and ﬁ—pfeémplifiers were
amplified and required to meet fast coincidence criteria (2T n 100 ns)

and were then fed to a Goulding-Landis particle identifier. The operation

™ .
of this 'device which depends on an empirical power-law for the range of

. X cq s .73 . . s
charged particles in silicon, R v aE1 , where a 1is characteristic of
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Electronics schematic
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Fig. 4. Schematic diagram of the electronics.
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particle type has been given elsewhere (Gou 64). Particle identifier
spectra were obtained which were comparable to those obtained by e.g.
Fle - 67. Identifier signals corresponding to tritons and 3He's were

fed to S.C.A.'s in an external 4—channel router whose output was used

to gate the total energy signals, E_, and to generate routing signals

T
for the Nuclear Data 160, 4096~channel analyzer in which ET was stored.
The electronics used for the polarimeter were similar to those

used in the chamber, but simpler since only two telescopes were used

and only elastic protons needed to be identified and stored.

E. Data Collection and Analysis

Total energy signals for identified particles of interest were
routed into the Nuclear Data 160 pulse height analyzer which was operated
in either 16 X 256 channel or 8 X 512 channel mode. For each set of
angles, two sets of spectra were collected, one for each of the tWé
orientations of the incident pfoton spin. Therefore all the data for
a particular set of two angles could bé stored together in the analyzer-
16 spectra in all if both tritons and 3He's were collected; 8 spectra if
(as for the 208Pb target) only tritons were of interest. Data from the
analyzer were transferred to magnetic tape via a PDP-5 computer after
each set of angles for subsequent analysis.

As an example,'conéider the spectra shbwn in Fig. 5 obtained from
the ?08Pb target at elab = 37.5°l These four spectra are used to obtain
a single analyzing power value at this angle for each of the states labeled

by Jﬂ. As will be presented later in Chapter IV, this particular angle

happens to be near a maximum analyzing power for both the ground (0+) and
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298pp(p,1) 2°°Pb, Ej=40MeV
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Fig. 5. Example of four of the spectra from which a measurement of
analyzing power is taken. The beam polarization was
|py| = 0.794 + 0.013.
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first excited (2+) states. It is quite eﬁident from the figure that an .
asymmetry exists for both of these states, which reverses seﬁse when
the polarization of the beam is reversed.

For a particular state (e.g., the ground state) the number of

. j .t . c . . . .
counts in a peak, Ni, for the i h side and incident beam polarization j,

is proportional to the cross-section Gi over the exposed solid}angle,'
times that solid angle Qi, i.e.lNi a« 03 Qi. The observed asymmetry,

éy is determined as

Ny - N
¢ TN, F N
Y & R

ULQL - Ol
+
ULQL CRQR

if the beam polarization is fixed. Notice that ey depends on the solid
angle Qi and therefore is sensitive to any instrumental asymmetry. This

dependence on instrumental asymmetry can be removed in first order’ (Pla 68)

by using data obtained for both beam polarizations: Rearrange_the above to

N+
R
1 - —’}‘- »
A NL 1l - r)r
e = N = 7 '
4 N l+r
1+ =
N+
L
where
, 4 0 ¥
4 NR GRQR . ¥ OLQL
r = > = Y ;  also r = 7
NL OLQL ORQR
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Now
4 ¥
i
0¢ 0+ '
L R

since the two ratios are obtained from identical experiments differing
only in a physical rotation by ¢ = 180° in the lab. The dependence on
. 4 . .

instrumental asymmetry can be removed from r and r¢ by considering the

geometrical mean

¥ 1/2
"\ v ZE
GL OR L R
- 42\1/2
- 12 oo !
OL L

which leaves only the ratio which depends on the analyzing power of the

1-or, P -Ay where Ay is the analyzing

nuclear reaction. Then e =
. - y l1+r y

power of the reaction and py,is the incident beam polarization.2 The above

argument is exact if the beam polarization is the same in magnitude for

both orientations, and is true to first order in any-éasé. Since for

most polarized ion sources, and for the Berkeley source in particular

lpyl > constant, this procedure removes any effects of instrumental %
asymmetry, so long as such asymmétry is constant during the complete
. measurement.

Analyzing the polariméter data to obtain beam polarization follows

identically except that here AY is known, and py is defermined from the

measured ey.
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’

In the apparatus used for these experiments, care was taken to
Q . :
make Er-551, i.e. the instrumental asymmetry was minimal. Therefore an
R :

additional check on the data could be obtained by calculating the value

. of
4 Y\1/2
- | k.o
’ ¥ ! N
NL - NL .

.and ensuring that it be statistically cohétant and approximately unity.
Relative differential cross sections were obtained by summing

the éountsviﬁ fhe péaks from the fourlspectra‘and normalizing either

to the monitor or to the Faraday cup reédings or both. The cross sections

which apéear in the figures in Chapter IV, have been>further normalized

by a common factor for each farget to\previously determined absolute

véiués available in the literature (e.g. Cer 64; Fle 71, Flé 68a, Fle 68b,

Cer 66, Smi 70). The analyzing powéré are, ofAcourse, not affected by

this normalization procedure.

‘4
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III. THEORETICAL CONSIDERATIONS

-
’

The nuclear processes which have been considered in this work can .
be convenienély chafacteriZed in terms of thervalueé of‘the angular
momenta and parity which are traﬂsferred. Fufthermore, since the
mechanism of these transitions has been ;ssumed to be a direct process,

it can be formulated mathematically using the distorted wave Born

1

approximation (DWBA). In this chapter, then, thevanguiar momentum and -
paritstélection ruiés.wﬂich pértain to direct (p,t) and (p, 3ﬁe)‘reactions
will first be outlined,-followed‘by a brief discuséibnbof the DWBA theory
which has been applied in an attempt to account for the experimental

results.

A. Selection Rules

' The total angular momentum J transferred by two nucleons 1 and 2,

between an initial and final state is given by

=3 +3 5 3-7 43 S | L
£ Y% SRS R | .

-

K

J is the vector sum of the transferred orbifal angular momentum L and the

-transferred intrinsic angular momentum (spin) S;

3=f+§ : f:f‘-&-f

->
S =

(2)

The transferred isospin T is given by

> > > ' ‘ ’ :
T_ =T, + T ’ : - : (3)
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and is related to the transferred spin (by requiring antisymmetry for

the total wave function of the two transferred nucleons) :
S+T=1 . _ (4)

For (p,t), T = 1 so that S = 0; for (p, 3He), T can be eithér 0O or 1, so
that S is either 1 or 0, respectively.

The parity change is given by

A= -1 Y 2o -t (5)

if the two nucleons are in a relative S-state.
More extensive treatments of these rules can be found in the many

articles on direct reactions (e.g. Gle 63, Gle 65, Tow 69).

B. DWBA Calculations

Distorted wave Born approximation calculations have been under-
taken té predict the shapes of differential éross seqtions and anaiyzing
powers using the.program DWUCK.3 This is a zero-range code which pe?mits
a spin-orbit distortion to be included in the optical potentials. The
following discussion will outline the theory upon which the program is

based.

1. Outline of the Method

The theory adopted in this work has been advanced and developed
entirely by others and a number of excellent and detailed accounts exist
elsewhere. BAmong the works which provide a rather complete theoretical

background are the following; Rom 65, Dav 66, Tob 61, Sat 64, Aus 64,
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Gle 63, Gle 65, Tow 62. Also of interest is a recent survey (Kah 71) of
DWBA calculations for (p,ti reactions in the 1lp-shell.

The applicability of the Born approximation is based largely on
the assumption of a direct mechanigm. .That is, the interaction
responsible for the transition is assumed to occur only once and to
endure for a time of the order of the nuélear transit time for the bom-
barding particle (ﬁ 10'--22 sed). As a result only a few nucleons are
involved and only a few degrees of freedom in the nucléar system are
excited. The principal experimental characteristic which distinquishes
a direct process from, say, a statistical or compound nuclear event is
a-strongly forward peaked cross section, often displaying a diffraction
pattern,(whOSe magnitude is relatively insensitive to the bombardiﬁg
energy at energies substantially‘above the threshold. At the incident
proton energies employed in these experiments (40 - 50 MeV), the
assumption of a purely direct process is a valid one in general.

In a distorted wave calculation the transition is treated as
occurring between. elastic scattering states; that is, incoming and
outgoing particles are described by wave functions which are solutions
of the Schroedinger equation which contains an optical potential giving
the éffects of nuclear forces in an average way, including absorption,
Coulomb effects, and spin-orbit distortioﬁ.

The DWBA theory characterizes a pickup traﬁsition such as (p,t)
between a target nucleus A and a residual nucleus B by a transition

. = -> .
amplitude T Tfi(JAMAui JBMBuf) where J, M, and U are total angular

fi

momentum, total angular momentum projection and light particle spin pro-

jection, respectively. The transition amplitude is of the form



T, fdr. [dr X e (eoelviaid xP ey . (6)
i i f R A , NS R |

.~ . ’ ! N
Here the X's are the distorted waves mentioned above which.describe the
- o elasfic scattering sfates{_ The interidr ﬁétrix element of the interaction
which céuses the transition is called the form factor and contains the
infOrmation on nu¢1ear'structure, reaction mechénism'ana selection rules.
The differential cro;5‘section is expressed in terms of the Tfi
*

(do/aq) « Z P : 7

MaMpHiMe

If a spin dependence is included such as is the case for distorted
waves génerated by optical potentials which include a spin-orbit strength,

the differential cross section.can‘be written (Gle 63, Gle 65)

B  yLST , ,
: : _LSJT : .
(do/a%) = Z 'Z Syrsar Buy,u : (8)
My UL i"f :

£

where LSJT.érevphe quantum ;umbers of the transferred pair; Y is thé

configuration offtheitransferred nucleons ([n2j][n'%'j');3T), G is the

spectroscopic or structure amplitude inéludihg a speétroscopic'factor’.

for éhe light particles, and B is the kinematic and angular momentum

A transfer amplitudevwhich-includes the distorted waves obtained from the
elastic scattering optical pafameters. Transforming—ﬁhe spatial paft
of the wave function éf the_t&o ndcleons in state Y'to relative and

center-of-mass coordinates and restricting their relative motion to S-

\state; the differential cross section takes the form
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J LST N

- LsyT |2 : o
(qo/dQ) °c Z lz Z GNLSJT ‘BMu'u ' ‘(9)

YTRY “if , '

itf . _ . ;

. where N is the principal quantum number of the center-of-mass motion.

The center-of-mass motion of a pair of nucleons in a pure

s

state (jj') can be described as a projected wave function outside a

passive core;

~

b asr® = (Z 8 psor® LB _ - ao
3] 33 - , .

where the tilde signifies a projected wave function, and YL(R) is a
sﬂmﬁbﬂlmmmﬁa‘

The structure factors arise in the expansion of the radial function

u(R) in a harmonic oscillator function basis:

’~ . ‘ ‘ .'-' ) 4 2 ' " .
ujj.LSJT(R) = ZGNLSJT(JJ ) uNL(ZvR) . _ » (11)
N

For two nucleons in a mixed configuration the projected radial..

wave function is of the form

~ - ~ i 2
o ® = ) By P s ® a
B .

where B.., is a coefficient of fractional parentage (cfp). Then

’

l

<

Z Z Z ) 2 '
33" L N -
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NLSIT — §;| Bjj' GNLSJT(jj'). The evaluétion of GNLSJT will be
discussed in section B-2 of this chapter.

Polarization effects in direct reactions have been rather
extensively discussed by Goldfarb and Johnson (Gol 60). BAn earlier
paper by Wolfenstein (Wol 56) discusses alnumber éf concepts related
to polarized nucleons and contains some useful definitions. Two more
elementary articles (Bar 67, Ros 67) exist which provide a good
introductory treatment of polarization phenomena along with (Gla 69) which
is more exfensive. |

From an experimentalist's point of view the nature of the analyzing
power for a (g,t) reaction, for example, can best be visualized by considering
the reverse (t,g) transition. Time reversal invariance requires that the ana-
lyzing power in the former be equal to the polarization of the outgoing protons
in the latter as induced by an unpolarized tfriton beam (Hae 74). The polarization
is then directly related to the transition amplitﬁde Tfi in the following way.
If the two projections of a spin 1/2 particle are designated +

and -, then the probability in terms of the preViously defined transition

amplitude that the outgoing proton will have a spin + is

2
£, = Z |Tfi(MBuf > M +) . (14)

M
AMBut

The polarization p. is defined as

E, - E_ .
p =_Zf+—g: . (15)
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In terms of the differential cross section, then,

. o, *+0_, -0, _~0__ a6
+ ' '
o, +0_, +0, _+0__ v
where we have abbreviated o_, = (do/aq) 0 = , etc.
e = -
Wy =+

2. Nuclear Structure

The two-nucleon transfer form factors were obtained in these
calculations following the méthod of Glendenning (Gle 63, Gle 65) which.
uses harmonic oscillator wave functions for the transferred pair. The
nuclear structure of the iﬁitial and final states enters the calculations
via the GNLSJT in Eq. (9) whi?h are defined following Eq. (13).

For the calculations in the lp-shell the cfp's Bjj' were obtainéd
from a compilation by Cohen and Kurath (Coh 70) based on wave func;ions
derived from an earlier effective-interaction calculation (Coh 65). The
GNLSJT(jj') were derived from Glendenning's tables of (p,t) and (pz 3He)
structure amplitudes (Gle 68) by making suitable corrections (Gle 65;

Gle 73) for the oscillator parameter v = 0.32 F-2 which was téken from
True (Tru 63).

Negaﬁive parity mass~1l4 residual states, which must involve some
sd admixture to the lp-shell, were assumed to have simple shell model
configurations suggested by the }4N wave functions of True (Tru 63).
These cases will be discussed more specifically in Chapter IV.

20

8 > 2 L .
Calculations for Pb(p,t) 06Pb were done using the complete

structure factors obtained by Reynolds et al. (Rey 67) who used wave
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functions of True and Ford (Tru 58). In a comparison with other wave
functions for the ground state transition, other structure amplitudes

calculated by Broglia and Riedel (Bro 67) were employed.

3. Optical Potentials

A full description and justification of the optical model itself
is available elsewhere (e.g. Fes 58, Hod 71). The proper choice of
parameters characterizing the optical potential in the Schroedinger
equation is often difficult, but nevertheless essential to the success
of meaningful DWBA computations. Ideally one obteins, or has available
daea for the elastic scattering processes involving the appropriate
channels at the same energy as occur in the reaction, and then determines
a parameter set which accurately describes these data in the optical
model. More often than nof, however, these circumstances do not prevail,
and it becomes a matter of experience and judgment to choose parameters
from elastic scattering experiments using target nuclei of nearby mass
and at similar bombarding energies.

Since for most of the reactions under study in this work, calcula-
tions have been done by others predicting differential cross sections,
we have relied heavily on their experience rather than embarking on
an entirely indepehdent search for optical parameters. In addition, a
recent compilation of optical model parameters (Per 72) has been consulted.
The pofentials used in -the 1lp-shell calculations are summarized in
Table I. All calculations were done with a spin-orbit potential in the
proton channel and some comments regarding the inclusion of a mass-3

spin-orbit term appear in section B-4 of this chapter.



in the 1p-Shell.

Table I. Optical Model Parameters® used in DWBA
L] : '
Target Particle = "o "o 1 ’s "o ?0 "s fe i i % Ref
g (MeV) (MeV) (MeV) (MeV) (fm) (fm) (£m) (£fm) (fm) (fm) (£fm) -
15N, 16O proton 44 .53 17.51 | 6.51 6.20 1.141 1.26 1.066 1.3 0.715 0.64 0.674 b
(43.8 MeV) :
mass-3 220.0 23.8 - - 1.22 1.80 - 1.3 0.530 0.990 - ¢
13C . proton 38.38 21.49° 3.81 5.75 1.141 1.26 1.066 1.3 0.715 0.64 0.674 b
(49.6 MeV) :
mass-3 160.0 - 14.86 - - 1.31 1.73 - 1.3 0.565 0.826 - d
169.0 32.1- - - 1.14 1.82 - 1.4 0.675 0.566 - e
®The optical potential was defined as:
-2 h 2 > -
V) = V) = Vo) = o =™ - T v o g 8-
e + 1 e + 1 . o e S + 1

where Vc(r) is the Coulomb potential for a uniformly charged sphere of radius rcAl/3 fm; x = (r -~ r A1/3)/a,

v oo v ,1/3 . _ ~ 1/3
X (r r, A )/a' and X, = (r r, A )/as.
bQuoted in reference (Fle 71) from proton elastic scattering on 160.
cQuoted in reference (Fle 71) determined from 3He elastic scattering on 12C.

From (Per 72). This potential yielded the most favorable overall fits in 13C transitions which are presented

in Chapter 1IV.
reference (Fle 71) from 3He elastic scattering on 14N; yvielded genetally poorer fits than (d).‘ See

eQuoted in

text Chapter IV.

..OE-
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For the calculations for the 208Pb(g,t)7206Pb reactions, it was
fortunate that the exact elastic scéttering daté for the entrance
channel (40 MeV protons on 208Pb) were available (Fri 67) and in fact
had been used to obtain excellent differential cross section fits for
the transitipns which we are considering (Smi 68, Smi 70). In addition,
a global prescription for proton optical potentialé_has beén found byl
Becchetti and Greenlees (Bgc 69) and was also used in these calculations.

The situation for the triton exit channel is, hbwe&er, less ideal.
Some elastic scattering data have been obtained for t;itons (Fly 65) but
at an energy of.20 MeV, which is much lower than that encountered in these
experiments (Vv 34 MeV triton lab energy). Also a gldbal prescription
(Bec 71) similar to that for protons has been developed but the input data
to that search were also low energy (< 20 MeV). Altﬁough potentials
from both these sources were examined, véry poor fits resulted, and
therefore, for the fits which are presented here, we folléwed the éxample
of (Smi 68, Smi 70) and used a triton potential from»Glendenning (Gle 67).
The parameters used fdr the lead éalculations inéluded spin-orbit dis-

tortion only in the proton channel and are summarized in Table II.

4. Further Specific Assumptions

In'addition to those approximations inherent in the derivation of
the DWBA method from formal scattering theory, a number of other assumptions
can bevmade which lead to substantial simplification in the actual calcula-
tions. Although each of these assumptions can reduce the power of the
theory in principle, it is possible to illustrate for particular cir-

cumstances that in fact a small price is paid for the benefits of simplicity.



Table II. Optical Parameters® used in DWBA for 2CSpb(p,t)>CPpb.
L
L}
Particle VO ’ WO WD ' Vs ro "0 rs rc : i as~ Ref
A (MeV) (MeV) (MeV) {(MeV) (£m) (£m) (£m) (fm) (fm) (£m) (£fm) )
proton : _ .
(scattering) 54.62 5.31 5.60 5.84 1.125 1.386 1.026 1.25 0.873 0.624 0.794 b
(global) 51.8 6.1 4,338 6.2 1.17 1.32 1.01 1.17 0.75 0.658 0.75 c
triton 160.0 20.0 - - 1.1 1.6 - 1.4 0.75 0.75 - d
% The optical potential was defined as:
vir) = Vc(r) - VO(-E-E—_Q - 1(W0 - 4WD dx')( x'1 )+ (E—E) AVS %‘é%‘(—§—~———0 G-k
e” +1 e +1 - m , e S 4+

—ZE—

where Vc(r) is the Coulomb potential for a uniformly charged sphere of radius rcA1/3:ﬁm x= (r - rOA1/3)/é,

1/

. 3
x' = )/as.

208

A l/3y 0 _
(r rO A y/a', and X, =

bFrom (Fri 67), 40 MeV elastic scattering on

(r - r A
s

Pb.

“From (Bec 69), derived from a global prescription therein.

dFrom (Gle 67), and references therein.
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A major objective of this work has been to determine to what extent

an understanding of the analyzing powers for these two-nucleon transfer
reactions can be derived from reasdnably elementary methods, and therefore,
three further approximations have been incorporated into the calculations:

(i) Spin-Isospin in the Two Particle Interaction. Under certain

conditions it is possible to factor a quantity D(S,T) (Tow 69, Gle 65)

out of the radial integrals contained in B of Eq. (9). D(S,T) is direétly
. related to the two—bodybexchange mixture in the interaction potential

of the form factor (Eq. (6)), describing the relative strength of S = 0
and S = 1 transfer which can occur in most (p, 3He) transitions. Investi-
gations (Fle 68a, Fle 71) have shown that S = O transfer is enhanced

by about a factor of three over S = 1 as deterhined from‘éross section
ratios for (p,t) and (p, 3He)'transitions‘to mirror states._ In order to
evaluate the effects of this factor on analyzing pdwers, somé (p, 3He)
transitions on the 13C and 15N targets were calculated multiplyinggthe
appropriate G-factors for S = 0 by /3. The results showed no dramatic
effects on the shape of the analyzing power, and no improvements of the
fits to the data were obtained. Some of.these results are illustrated

in Chapter IV for lSN(;, 3He)l3C.

In view of the as yet not understood effecté evident in some
simple (g,t) transitions which will be shown in Chapter IV, and on the
basis of the above mentioned survey, this spin dependence has been
generally negleéted in these calculations.

(ii) Zero-Range Approximation. The radial integral incorporated

in the B-factor (Eq. (9)) is, in general, six-dimensional. If it is
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assumed that either the rangé of the internal wave function‘of the out-
.going light‘particle, or the range of the inter#dtion potential is
short enough to be replaced by a delta-~function, this integral is
reduced to three dimensions’with considerably impfoved calculational
facility. In these calculations the latter replacement was used. The
extent to which this leads to poorer agreement with experiment is takén
as anvindicatidn of the importance of finite-range effects.

A substantial effort has been made by a number of workers (e.g.,
RAus 64, Ros 71, Cha 73) to modify the DWBA fofmalism to eliminate the
need for the zero-range approximation. There is some indication (Nel 70b)
that improvement in fits to analyzing power data is possible if finite
range.effécts are included, but it is not obvious that large qualiﬁative
changes can be obtained in this way. Therefore, since the program
which was available to us did not include finite rangé effects and
because of the emphésis noted above on a simple approach, finite range
effects were ignored in these calculations. In view of the generally
good fits obtained for the differentigl cross sections, this»proceduge
seems to havg been reasonable. |

(iii) Spin-Orbit Distortion in the Exit Channel. The optical

potentials used to generate the distorted waves in the program included

a spin-orbit distortion potential in the proton channel. In principle,
the mass-3 channel ought also to include such a term. However few
measurements exist using polarized mass-3 particles from which the
magnitude of the spin-orbit strength could be determined. It is believed

to be of the order of 2 - 5 MeV (Nel 70b, McE 70). Such a value is
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cohsistent with the rather naive view that the spin-orbit interactioh
takes place only :with the odd nucleon in the light particle, the pair
béing coupled to zero spin and thus being essentially spectators; This
simple picture would require a spin-orbit strength v 1/3 that of the
proton since the odd nuéléon carries one third of the orbital anguiar
momentum of the mass-3 particle.

A survey of the effects of including such a potential was
carried out and some typical results are shown in Fig. 6. It is evident
thét SOme.quantitative but no significant oﬁerall qualitative improvement
in fits to ﬁhe analyzing power resulted, énd there was no effect on the
differential cross section. As a consequence, the mass-3 spin-orbit

potential was omitted in the calculations presented here.
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Fig. 6. BAn example showing the effect of including a spin orbit term
in the exit channel optical potential for DWBA. The solid curve
results from a calculation without such a potential; the dashed,
with vso = 2 MeV; and the dotted, with Vso = 6 MeV. See text.
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IV. RESULTS AND DISCUSSION

A. Transitions in the 1p-Shell

-

Althdugh the selection rules governing transferred quanﬁum nUmbers'
in (p,t) and (p, 3He) reactions havé been given in Chapter III it is
conVehient to summarize some salient features at this point in order
to introduce a useful notatiqn. Without rgprodUcing the complete selection
rules we note that for spiq 0 and 1/2 targets, a (p,t) transition is |
characterized by a single value for the transferred orbitél angular
momentum L;-é (p, 3He)‘transition is characterized by one.or more sets of
transferre@ J, L, s, whefe J and S are £he transferred total and spiﬁ
angular momentum, respectively. As can be seerl from Eq. (9), tﬂe dif-
fe:ential cross section involves a éoherent sum over L and S and an

' incoherent sum over J. We have adopted the following notation for

e 3 .
characterizing a complex (p, He) transition:

(B/L/S) = (3)/Lyy oLy yeen/Syy 08 p0e0)

(I Loy ogre=a/SyyeSoprecc) 1y ene
where parenthesesrindicate a coherent sum over the indicated Lij and Sik

to give the Ji, and that the cross sections for the Ji are then added

incoherently according to Eq. (9). Therefore; as an example:
(3/1/8) = (2/2/0,1),(3/2/1) implies
. . - 7
(do/aQ) « }: ‘ E: ' .

J=2,3 ' 1=2
s=0,1
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-> - -
The (p,t) and (p, 3He) transitions induced on 16O, 1SN, and 13C

targets fo;/which theoretical calculations were undertaken are summarized

. L > 3 ’ s 13, "y

in Table III. ' A few additional (p, He) transitions on C, as well as
cs 7_. 9 ' . .

all the transitions observed on the Li and "Be targets are listed in
NN ) } )

Table IV as cases for which no calculations were attempted. Some results

‘of eariy analysis- of part of these .data have been published (Har 70b).

1. %@t ana @, e

These'reactions have/Been previously ékamined with unpolarized
'beams‘(Cer 64a, Fle 71), aﬁd'to some extent with polarized béams
(Ne1‘70af Nel 70Db). 'Typical spectra from the present ﬁork of identified

. 3 .14 : . .
tritons and "He's showing: states in L (o} and_l4N, respectively, are

presented in Fig. 7. Because the target épin is.0+,.all reactions on
this nucleus occur with unique J, and‘inkfhe case of((g,t) this implies
unique L = J. In (E, 3He) at most two L—valu\es can conﬁribute (coherently)
to the unique J.
Figures 8 and 9 confirm the previously oﬂServed and theOreéically

expected results that the téansitions to the analog final states at |
0 MeV in 14O and at 2.31 MeV in 14N have similar angular'distribﬁtions
for both the_differentiai cross sections (Cer 64a) and £he analyzing |
powers (Nel 702)._‘The DWBA calculatiéns for this pair of tfénsitions
yiélded excellent fits to the data for ﬁoth the differential cross
sectiong and the analyzing powers. |

" The aata for the anaiyzing powers of these two tranéitidns are
shown again iﬁ‘Fig. 10, suéerimposed,to emphasize tpe similg;ity. Also

in this figure are data for three other pairs of analog transitions for

which analyzing powers have been measured for the first time. For each



Table IIT.

Summary of Two Nucleon Pick-Up Transitions Compared with DWBA.

-> >
(p,t) (p, 3He)
Target Final T b Final T b
- E5% State J, T L State J, T (3/L/S)
! P (MeV) (MeV)
%5 of, 0 43.8 14, 14y
g.s. o, 1 0 g.s. ) (1/0,2/1)
5.17° a), 1 1 2.31 o¥, 1 (0/0/0)
6.20° 37), 1 3 3.95 1*, 0 (1/0,2/1)
6.59 2,1 2 5.11° 27, 0 (2/1,3/1)
7.78 2, 1 2 7.03 2%, 0 (2/2/1)
9.72 2hH, 1 2 9.17 2t 1 (2/2/0)
5y 1/2-, 1/2 43.8 13y 13,
g.s. 1/2-, 1/2 0 g.s. 1/2-, 1/2 (0/0/0), (1/0,2/1)
3.51 3/2-, 1/2 2 3.68 3/2-, 1/2 (1/0,2/1),(2/2/0,1)
7.39 5/2~, 1/2 2 7.55 5/2-, 1/2 (2/2/0,1), (3/2/1)
15.07 3/2-, 3/2 2 15.11 3/2-, 3/2 (2/2/0)
Be 1/2-, 172 9.6 e g
g.s. 3/2-, 1/2 2 g.s. 3/2-, 1/2 (1/0,2/1),(2/2/0,1)
2.00 1/2-, 1/2 0 2.12 1/2-, 1/2 (0/0/0) , (1/0,2/0)
4.31 5/2-, 1/2 2 4.44 5/2-, 1/2 (2/2/0,1), (3/2/1)
4.79 3/2~, 1/2 2 5.02 3/2~, 1/2 (1/0,2/1),(2/2/0,1)
6.48 7/2-, 1/2 a 6.74 7/2-, 1/2 (3/2/1)
12.47 1/2-, 3/2 0 12.94 1/2-, 3/2 (0/0/0)

(continued)

—68-



Table III. (continued)

aEg is the beam energy in MeV.

an, T assignments and excitation energies are from (Ajz 68, Ajz 70) except for the 16O 9.72 MeV state from

(Fle 71) and the T = 3/2 analog states in mass 11 from (Cos 68).
“Two nucleon cfp's were not available for these negative parity states in (Coh 70). shell model configurations

were based on (Tru 63) as follows -

14 _* |
|. 0 (5.17), 1-) = |[pl/2 51/2]1-)

14 % _

|7%0" (6.29), 3-) = |[p1/2 d5/2]3_)

14, *

|=*§" (5.11), 2-) I[pl/2 dsply -

—Ov—

dThis transition is L~-forbiddeén. See text.




Table IV. Data Summary - No DWBA Calculations Performed.
A. (E_ = 49.6 MeV) Target Reaction - E  (MeV) ",
he) Jw, T , X ‘ . :
Be (1/2-, 1/2) @, Sue) s 8.57 < 5/2-, 1/2
8.93 5/2-, 1/2
11.60 (1/2-, 3/2-), 1/2
B. (E> = 43.7 MéV)‘ ) | Residual Nucleus3
P | (p,t) (p, “He)
Target 2s + 1L’ Ex 28 +.1 b L By 28 + 1, b (3/L/S)
‘ J’ (MeV) J’ (MeV) J’
9 2 ' 2 ' 2 _
Be P,,., 1/2 g.s P, ., 1/2 0,2 g.s. P, .., 1/2 (0/0/0),(1/0,2/1),(2/2/0,1),
3/2 3/2 3/2
: : (3/2/1) :
2 2
0.431 Pl/z, 1/2 0 07478 Pl/2' 1/2 (0/0/0),(1/0,2/1)
2 2 A
.4.55. F7/2, 1/2 2,4 4.63 F7/2, 1/2 (2/2/0,1),(3(2/1),(4/4/0,1)
2 4 ;
6.5 F5/2, 1/2 2,4 7.48 95/2, 1/2 (1/0,2/1),(2/2/0,1),(3/2/1)
2 2
10.79 P5/2, 3/2 0,(2) 11.13 P3/2, 3/2 (0/0/0),(2/2/0)
7. 2. 2 ‘ 2
Li Py pr 1/2 g.s. Py pr 1/2 0,2 g.s. Py pr 1/2 (0/0/0),(1/0,2/1),(2/2/0,1),

(3/2/1)

a_m . . . ; .
J , T assignments and excitation energy from (Ajz 68), (Fle 67).

b .
28 + lL

J’

7 assignments and excitation energy from (Lau 66), (Cer 66), (McG 67).

_'[v_
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Fig. 7. Energy Spectra for the 16O(p,t) O and O(p, "He) N reactions.
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Fig. 8. Differential cross section angular distribution for the (p,t) and

(p, 3He) transitions to the otf, T
The curves are DWBA calculations described in the

2.31 MeV in 14y,

text and normalized separately to the data.

1 analog states at 0 MeV in 140 and

See also Fig. 9.
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Fig. 9. Analyzing power anguiar distributions for the transitions
The curves are DWBA calculations .

described in the caption to Fig. 8.
_described in the text.
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Fig.'lo. . Data for the analyzing powers of the four pairs of analog
transitions observed in this work. Each pair is identified by the
target and. the final state am, T,
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pair, the expected similarity is evident, although it is considerably
less striking than in the case noted above, particularly for the transi-
tions to the 2+, T = 1 states in mass-14 at back angles. Nevertheless,
in view of the weakness of thése latter transitions, the agreement is
satisfactory. Each of thesé transitions Qill be discussed further

later in the context of the other transitions leading to.the particular
residual nucleus.

Figures 11 and 14 summarize the differential cross sections
(to be denoted d0/df) and the analyzipg powers (Ay) for transitions to
several final states in 16O(E,t)l40. Good agreement-between the
theoretical and experimental differential cross sections are evident
in Fig. 11 for the L = 2 transitions to states in 14O at 6.59, 7.7é, and
9.72 MeV. The analyzing powers for the same three transitions are
shown in Fig. 12. While the theory predicts similar shapes for all
three, the data indicate that the 6.59 MeV transition strongly diéégrees
with this prediction and moreover, differs experimentally from the other
two transitions which agree rather well with the\theory. The data for
the weakly populated 9.72 MeV state are somewhat inconclusive because of
their large error bars.

The weak transitions to the negative parity states at 5.17 MeV (1-)
and 6.29 MeV (3-), are summarized in Figs. 13 and 14. Although agreement ‘
in'the differential cross section is obfained at forward angles fof the i :
5.17 MeV L = 1 transition, the transition to the 6.29 MeV state which has
been .assigned (3—); is out of phase with the L = 3 calculation and shows
a somewhat greater similarity to the L = 2 transitions shown in Fig. 11.

This is inraccord with the findings of Fleming et al. (Fle 71) who



]
— ‘60(5‘,1)'40 | ° 6.59 MeV —
\ =43.8MeV * 7.78 MeV ]
3 29,72 MeV ]
{

- All 2+
\ 3

‘do/d) (mb/sr)

6 m(deq)

XBL737-3545

- . . : h > 14 L

Fig. 11. Differential cross sections for L = 2 16O(p,t) O transitions.
The curves are DWBA calculations described in the text and normalized
separately to the data. See also Fig. 12.
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Fig. 12. BAnalyzing powers corresponding to the differential cross
sections in Fig. 11. The curves are DWBA calculations described
in the text. '
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I'ig. 13. Differential cross sections for the (p,t) transitions to negative
parity states in 140. The curves are DWBA calculations described
in the text and normalized separately to the data. See also TFig. 14.
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Fig. 14. BAnalyzing powers for the transitions described in the caption
to Fig. 13. The curves show DWBA calculations -described in the text.
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bconcluded tha£ an unambiguous L transfer ,assignment to this transition
vcould not be ﬁade on the basis of these data. /
For the‘analyzing powers of these transitions to odd spin
states (Fig. 14) no agreément for either case is evident. Although
no L =2 prédiction is - shown for the 6.29 MeV transition, the data
"bear no similarity to the typical L = 2 shapg shown for the three étates
in/Fig; 12. The analyzing, power, thérefore, does Aot further elucidate
-the L transfer involved in this transition. | |

3

. 16~ 14 ' ..
‘The O(p, He) :N results are shown in' Figs. 15-18. Of

/pgrticular ihfefest are thg 1+ states in 14N at 0 and 3.95 MeV shown

in Pigs. 15 and 16. Both transitionsvcan go by L = 0 and 2 but the cfp's
of Cohen and Kurath (Coh 70) indicate predominant L = 2 to the ground

state and L = 0 to the 3.95 MeV state; the data in Fig. 15 for d0/df suppbrt
this predictibn, although theiagreément is only qualitative for the 3.95 MeV
 transition.‘ However‘there.is no agreement whatsoever for the Ay iﬁ either
cése as sHown in Fig. 16, which is'particﬁlarly surprising for thé{ground
state whose dﬁ/dQ is well fit.'\It is inﬁerestiné to note that the .
predominanfly L=20 theoretiéal fit to Ay for‘the 3.95 Mev 1+ state would
'gi;e.a better (but still quélitative) fit to the 1+ grouhd state'transi-.
tion Ay'. In an effort to vary the details of the wave fupctions to

dgterminé the magnitude of the effect on Ay, calculations Qere carri?d
out using,struCtuie factors corresponding to a pure jj éonfiguration:
No méjor changes resulted and it:is not clear that thg simple DWBA is
capable‘of resolving this discrepancy.

: . > .
The remaining three 16O(p, 3He)l4N transitions are shown in

Figs. 17 and 18. The 5.11 MeV (2-) state can be populated by L = 1 or 3.
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Fig. 15. Differential cross sections for the l60(5, 3He)l4N transitions
to the ground and 3.95 MeV states (1+) indicating the transferred
(J/L/S) as explained in the text. DWBA calculations described in the
text are shown by the curves and are normalized separately to the
data. See also Fig. 16.. g
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Fig; 16. Analyzing powers for the transitions described in the caption to Fig. 15. The curves

show DWBA fits described in the text.
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Tig. 17. Differential cross sections for 16O(_?_S, 3He) to final states in
14y indicating the transferred (J/L/S) as explained in the text. The
curves are DWBA calculations described in the text and normalized
separately to the data. See also Fig. 18.
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Since cfp's weré not available for this transitién, separate.calculatioﬁs
for the two allowed.L—transférs are shoﬁn. The dd/dQ (Fig. 17) clearly
indicates domiﬁant L = 3 characteristics but in Fig. 18 no agreement
for.either L=1o0r 3 in the Ay is apparent.

The 2+ states at 7.03 and 9.17 MeV are T= 0 and T = 1, respectively,
the latter being the analog of the 6.59 MeV 2+ state in 14O. Figure 17
shows~rather good DWBA agreement with the experimental dc/d2 for both
of these, although primarily at forwardvangles for the T = 0 state. The
calculated Ay for the T = 0 state in Fig. 18 is also in reasonable
qualitative agreement with the data. Comparison of the Ay for the T =1
state with that of its analog in Fig. 10 shows a clear experimental
similarity. However, the disagreement with the theqry éhown.earliér
in Fig. 12 for the (g;t) casé at 6.59 MeV in 14O persists also for the

(3, 3He) analog at 9.17 MeV in 14N shown in Fig. 18.

2. lSN(;,t) and ('i;, 3He)

These reactions have been previously investigated using

unpolarized beams (Fle 68a, Fle 68b). Figure 19 shows examples of l3N
13 ' . 15 ' .
and C spectra obtained from the N target. In this case, the
. > > 3 . . . .
corresponding (p,t) and (p, "He) reactions yield pairs of mirror states
in the final nuclei, as well as T = 3/2 analogs at v 15 MeV. . Since the
spin of the target is 1/2-, the selection rules permit up to four
>

combinations of transferred (J/L/S) for the (p, 3He) case as indicated
in Table III, although the (S,t) transitions remain unique.

The 40/df2 and AY for the L = 0 ground state (p,t) transition are

shown in Figs. 20 and 21, and bear strong experimental resemblance to the
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Fig. 19. Energy spectra for the lsN(p,t)l3N and 15'N(p, He)l C reactions.
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L = 0 analog transitions induced on 16O (Figs. 8 and 9).  Furthermore,
very good DWBA agreement was obtained, as was the case for the reactions
on 160.

Three L = 2 (;,t) results are shown in Figs. 22 and 23. All
fhree transitions have similar d0/df? shapes and ére all fit well by the
DWBA, particularly at forward angles. The theory predicts simila; Ay
angular distributions also, but, the data indicate no such uniformity.
The Ay for the transition to the 3.51 MeV state agrees VeryApoorly, while
that to the 7.39 MeV'state is fit rather well. The large error bars for
the transition to the 15.07 MeV T = 3/2 state in Fig. 23 make the com-
parison of theoretical and expefimental Ay's inconclusive, althouén
it appears the agreement is not good.

In Chapter III mention was made of the role of spin dependence
in the interaction and its effect on the ratio of S = 0 and S = 1 transi-
tion amplitudes. Whether the enhancement nf S = 0, which has been’
determined from other work (Fle 68a, fle 71), haé a major effect on the
calculated analyzing power or not was examined for a number of (;, 3He)
transitions on the 15N térget. The enhancement, which is of the order of
a factor of three, &as included by multiplying the structure factors
pertaining to § = 0 terms in the cross section by Y3. The results of
this examination willvbe shown in the below Figs. 24 through 27 by the
dashedvcurves, while the calculations with no S = 0 enhancement are given
by solid curves. It will be seen that minor details are affected, but
that no substantial changes in the qualitative predictions occur, nor.

does the inclusion of this effect bring improvehent to the quality of

the fits.
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Fig. 24. Differential cross sections for two 15N(g, 3He)l3C transitions
to the ground and 3.68 MeV states, labeled by J" and transferred
(J/L/S) as explained in the text. The curves are DWBA calculations
normalized separately to the data. The solid curve results from
neglecting spin dependence, while the dashed curve is obtained by
including spin dependence. See text and also Fig. 25.
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(curves) normalized separat‘ely to the data and explained in the text
See also Fig. 27.
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. » 3
The 15N(p, He) results are shown in Figs. 24 to 27. Although

these transitions lead to states in 13C which are mirrors of the 13N
étates, the increased complexity permitted in the (E, 3He) reaction makes
it unlikely that either the d0/df or the AY to mirror states wouid be
identical with the (g,t) data. The transitions to the ground and first
excited states both go by mixed L = 0, 2 and the wave functions indicate
similar mixtures of L in both. The dG/dQ data (Fig. 24) indeed are in
good agreement with the theory. 1In Fig. 25 are shown the Ay data for
the same two transitions. The theory again suggests that the two
transitions should be nearly identical, and the data for the two transi-
tions show reasonable similarity to each other, particularly at forward
angles, but only fair agreement with the calculation in the same region.
At angles beyond 30° c.m. neither transition agrees with the theory.

For the 7.55 MeV (5/2-) state, shown in Figs. 26 and 27 the
selection rules allow L = 2, 4 but L. = 4 is excluded in p-shell piék—up,
so that the transition is pure L = 2 which both theory and experiment
confirm for‘dO/dQ. However, the analyzing power in Fig. 27 shows tﬁat
the predicted Ay is quite different from that for any of the L = 2 transi-

3He)lBC (7.55 MeV) transition

tions arising in (g,t). Although the 15N(;,
proceeds via both S = 0 and 1 (see Table III), the structure amplitudes
indicate that it is dominated by the S = 0 component, and, in fact
incorporatipg the spin-dependence by further enhancing this component
gave no change iﬂ the do/41, and only a minor effect in the Ay. One

therefore might have expected more experimental similarity with the AY

for the other L = 2, S = 0 transitions.
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130 state at 15.11 Mev

" The pure L =0 (E, 3He) transition to the
(3/2-, T = 3/2) is also shown in Figs. 26 and 27. Good DWBA agreement
for 40/d{} was obtained although the angular range for detecting 3He's
froh transitions to states at this high excitation was restricted by the

>
thickness of the AE detectors. Again, as with the (p,t) analog, the Ay

cbmparison with theory is limited by the large experimental errors-bars.

-> -> :
3. c¢@,t) and (B, 1He)
Results from experiments on these reactions have been reported
. ->
with unpolarized beams (Fle 68a, Cos 68). Representative (p,t) and
> 3 . ; .11
(p, "He) spectra from the present work showing final states in C and
11B are shown in Fig. 28. The 40/dQ and Ay data and calculations for
the mirror transitions and the T = 3/2 analogs are shown in Figs. 29 to 39.
R
Three L = 2, (p,t) transitions to the ground (3/2-), 4.31 MeV
(5/2-) and 4.79 MeV (3/2-) states respectively are shown in Figs. 29 and
30. While detailed agreement for d0/dfl with the DWBA is not achieved,
there is a reasonable overall agreement. For the gound state Ay in
Fig. 30, however, there is excellent agreement. Nevertheless, the calculated
fits are considerably less satisfactory for the two excited states. 1In
. ' 16 15 . 13 _ >
contrast to the L = 2 disagreements for the O and N -data, in C(p,t)
no dramatic difference--such as being completely out of phase--arises.
Instead, the discrepancies are more subtle, in that the calculation retains
an overall qualitative similarity, and yet fails to reproduce the details
of magnitude and phase.
16

‘ oo . . 15
A more striking comparison with the results on the N and o

targets occurs for the pure L = 0 transition to the 2.00 MeV (1/2~) state



—69-

' | ' T L | 1 I

13~ f = "
300\ _
E3 =496 MeV 437
B30 20
1/2-
200} 4.79 gs.
4.3 3/2-
MeV
1247 MeV 5/2-
OO /27 T=3/2 6M43 ]
IOc; e-
oSy 72
: S
= O ! ] f el 1 L ol .
3 1 T T T T I |
o Bc(p,%He)'B 6.74 MeV .
1501~ E+ =496 Mev e y
. g.s.
Blap =30 3/2-
' i |
B Ve a
100~ 12.94 Mev 444
/2,730 | MeY |
857
TeV %l % -
e
5, y
MSVZ 172
M 22|
A
| [N

1

80 120 [3

Relative channe!
XBL737-3552

| > 13, > 311 .
rig. 28. Energy spectra for the 13C(p,t)llC and " C(p, He) B reactions.



-70-

1.0 5 > -

— C)C) }D\ =22 —

— ‘{\ 5 Z

- fo) g. S. 9 _ -

\° ..

_ - \\ 2

% B 2 ° i
~

0 ~ -
E

S —

2 =

b —

-o —

-

Bc.m. (deg)

XBL737-3618

. . . . 13 > 11 o
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-72-

in llc shown in Figs. 31 and 32. 1In Fig. 32 consider first only the

dashed curve which ig obtained using the mass-3- optical parameters (d)
from Table I which yielded the most favorable overall fits for this
target. As for the L = 2 cases above, the d0/dl is in poorer deﬁailed
agfeement than for the 16O or 15N results, but the Ay shows no similarity
whatsoever to the data, whereas rather good L = 0 agreement was obtained
for both the other targets. It is interesting to npte also that the
data in Fig. 32 indicate a different thavior than in the other L = 0
cases, particularly at forward angles although the rather strong analyzing
power at n 60° c.m. is similar in all. The small analyzing power at
forward angles is somewhat similar to the results on 12C(p,i:)loc (g.s.)
(Nel 70b).

It was possible to obtain a prediction for the AY which quali-
tatively gave the strong maximum at 60° by using a different set of
optical parameters for the exit channel; these are listed as (e) i;

Table I. The results of this calculation are indicated_in Fig. 32°by the
aot-dashed curﬁe. As can be seen, the data at forward angles are still
not reproduced and the improvement in the Ay fit is only minor. Agreement
with the 40/4Q data using this set of parameters deteriorated considerably
and is not shown. In addition, calculations with this set of parameters
gave reduced overall agreement to the other transitions on 13C, especially
that to the ground state, and are also not shown.

The results for the L = 6 analog transition to the 12.47 MeV
(1/2—, T = 3/2) state also presented in Figs. 31 and 32 show that, although

detailed fits to neither 46/4Q nor AY are obtaiﬁed, the qualitative features

of both are reasonably well reproduced.
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Fig. 31. Differential cross sections for L = 0 C(p,t)llC transitions.
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Theb(;,t)’transition to the 6.48 Mev (7/2~) state in llC is
L~-forbidden, if simple p-shell pick-up of the two neutrons is assumed.
Two explanations for the surprisingly large strength of the transition
have been proposed (Fle 68a[f The first assumes that a two;step
mechanism plays a major role in the pick-up, involving an allowed L = 2
process, and the second hypothesizes that a small admixture of (lp 1f)
structure in the 13C ground state would account for the observed.strength
and permit the necessary L = 4 transfer. Calculations showing pure
L=2and L = 4 transfér are shown with the data for dﬁ/dﬂ and Ay in
Fig. 33. It isvapparent that some suitable admixture of L = 2 and 4
might account for the nearly isotropic d0/df}, but it would seem that an
- L = 2 component has the dominant effect on the Ay' These results do not
resolve the questions about this unusual transition but may indicate
the presence of an allowed L=2 process.

The 13C(g, 3He) transfers leading to stateé in llB which é£e
mirrors of the above llC states are shown in Figs. 34 to 39. As for the
15N target, (E, 3He) on 13C is allowed to proceed, in general, through a
complex admixture of transferred (J/L/S). Though the theory reproduces
do/dQ) rather well for all these transitions, no agreement is obtained
for Ay with thé exception in Fig. 37 of the 12.94 MeV (1/2-, T = 3/2)
transition where a fair qualitative fit is obtained. The fit to the'
6.74 MeV (7/2-) transition in Fig. 39 (allowed in (g, 3He)) too is
qualitatively correct, but the mégnitude is wrong by a factor of two.

Transitions to three states in llB summarized in Table IV were

also analyzed and the data are shown in Figs. 40 and 41. These are

. C, L1
states for which no mirror states in lC were observed and two are of
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‘Fig. 33. Differential cross section and analyzing power for the L-forbidden
13C(_§,t)1lc transition to the 6,48 MeV (7/2-) state. The curves
correspond to DWBA calculations with L = 2 and 4 as explained in
the text, which are normalized separately to the data for do/dfl.
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with DWBA fits given by the curves and described in the text.
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also Fig. 37.
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uncertain JTr assignment (Fle 67). Neither the differential cross sections

nor the analyzing powers for any of these transitions indicate characteristics
~of any of the simple transitiéns observed and no clear interpretation of
thesevdata is apparent. No DWBA calculations were atfempted for these

cases.

9 - »~ 3 7 . > > 3
4. Be(p,t), (p, "He), and Li(p,t), (p, "He)

The spectroscopy of mass-7 and mass-5 nuclei and the search for
T = 3/2 étates in these ﬁuclei have been'reported using these two
nucle;n transfer reactions induced By unpolarized beams (Cer 66, McG 68,
Dét 65). Typical tritgn and 3He spectra from the 9Be and 7Li targets are
shown.in Figs. 42 and 43. Because both these target nuglei have JTr = 3/2-,>_
trénsitions to all final states observed, (see Table IV’, with the
exception of.the weak 0:431 Mev (1/2-) state in 7Be, can proceed via
multiple transfers of (3/L/S).

Our predominaptly unsuccessful attempts to fit the analyzing
powers of compound't¥énsitions in‘the three lower spin targets previously
discusséd suggests fhat there is little reason to expect the simple °
thepry to prove adequate in aCcoqnting for the Ay for (;,t) and (;, 3He)
on 9Be of 7Li. The experimental results are presented in Figs. 44 to 51,
and no DWBA calculations were attempted.

The ground state anaiyzing powers in mass-7 are shown in Figs. 45
and 49‘and were obtained ffom two experiments, in one of which the eneréy
resolution was not adequate to fesolve the first éxcited states. In the
second experiment, with improved resolution, the ground and first excited

states were resolved and analyzed separately at six angles. ‘By using a
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rough-interpolation forrA of the Vv 0.4 MeV.first excited states, shown
by the dashed line, and by also using the absolute d0/dl obtained from
the literatﬁ:e (Cer 66), it was possible to estimate a correction to the
unresolved ground state poinfs to remove the effect of the 0.4'ﬁeV states
(see Appendix). These estimated correctipns are shown at the bottom of
Figs. 45 and 49 by the squares. No error bars_have bgen assigned since
the uncertainty is dominated by the interpolated Ay for the first excited
_state which is only an estimate. | |

The T = 3/2 analog transitions to mass-7 {Figs. 46 and 50) agree
reasonably well in A , as well as showing the cle#r L=20 charact;ristics
(Dét 65) in the (do/df) (Figs. 44 and 48). Little further physical inter--
pretation of these data on 9Be seems possible without a more sophiéticated
_theoretical approach and a more elaborate understanding of the simpler
transitions discussed earlier.

vPrevious efforts (McG 68) have been unable to establish the
existence of T = 3/2 states in 5Li and 5He. One objective of these
present egperiments was to see if an asymmetry coulé be detected in the
appropriate region of continuum well above the ground state (2 16 MeV)
which might indicate the presence of'suchva‘high isospin state.

In our method of measurement, the analyzing power was overdetermined
permitting the use of a procedure whereby instrumental asymmetry, if any,
can beAeliminated as discussed in Chapter II. If it is established that
the instrumeﬁtal Asymmetry is negligible as was the case in our experiments,
the analyzing pbwer can be evaluated from the data in either of two ways.
First, the data from opposite sides of the beam axis, using only one

spin orientation of the beam can be used; or, data from one detector
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telescope, using both beam spin orientations can be used. .To analyze
-the continuum for asymmetry, the data for 7Li(g,t) and (;, 3He) were-
examined, using the second method; as a function of channel.number or
excitation energy in mass-5. 1In this way, two determinations of the
asymmetry in the spectrum were obtained for each angle, one from eacﬁ
side of the beam axis. The analysis showed no asymmetry in the region
of interest which was statistically inconsistent with zero, and this

" search for new high isospin states below n 20 MeV excitation, therefore,

 yielded negative results.

B. A Heavy Target: 208Pb(§,t)206Pb

The results of part. A above and those of others (Nel 70a, Nel 70b)
suggest that the simple DWBA as applied in these calculations is. not
generally very satisfactory in accounting for the analyzing péwers, in
light nuclei at medium energies, even for many cases where the crdés
‘section is reasonably well predicted. The only work reported on a:target
heavier than 285i are some recent results obtained on 176Yb(;,t)l74Yb'at
EE = 16 MeV (Igo 73). In that report, the cross section and the analyzing
'7power were rather well explained by a coupled channel Born approximation

(CCBA) calculation. Becéuse of the large faiget deformation, the simple
DWBA is.not-adequate, (though results consistent with the Ay data were
‘obtaiﬁed) because of the appfeciable presence of two-step modes in the
reaction mechanism (Asc,70). Thé agreemént of the CCBA with the data on
176

" “"Yb does not provide a conclusive test of the theory since the experi-

- mental points are few, with large error bars.
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Our interest in a heavy target lay in examining some non-collective
nucleus on which the simple DWBA has successfully described the differential
cross—-sections, and to see whether similar agreement can be obtained for

208Pb(;'t)206Pb

the analyzing powers. We have therefore investigeted the

reactien at 40 MeV, for which good DWBA-fits to the dA0/d! have been

obtained in studies using unpolarized beams (Gle 67, Rey 67, Smi 68, Smi 70).
In Fig. 52, a representative spectrum from our data_is shown in

which the analyzed transitions are indicated b& the J" of the final state.

The differentiel cross sections and corresponding analyzing power results

are presented in Figs. 53 and 54, respectively. The differential cross.

sections have been normalized as described earlier (Chapter II) and

agree well with previous measurements. Some noteworthy features of the

corresponding analyzing powers are the following. The 0+ ground state

(L = d) transition shows the most dramatic analyzing power behavior, '

extending to 0.85 at 25° c.m. For transitions Qith L > 0 the anai&zing

power is substantially sﬁaller, decreasing in amplitude with increasing

+ + +
L, and the phases for the 0 , 2 , 4

-1 2,

+
, and 6 transitions alternate as

The analyzing power for the ground state transition bears a very
clear approximate deriﬁative reiationship to theldifferential cross section,
i.e. IAy(Gfl « d/d6 (do/dY). Such a relatienship appears to hold also for
the excited states though it is less striking probably because the dif-
fraction pattern is much less prdnounced. Rodberg (Rod 59) has shown
that such a relationship can be derived for elastic scattering from the
properties of the optical model if a spin dependent distortion is included,

> .
such as a spin-orbit potential of the form Vso(r)o-z. Others have shown
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(Bie 61) that such a relationship may aéply more generally than just to
elastic scattering; they considered the case of single nucleon stripping.
For this simple picture tolhold, the strength of the spin—orﬁit céupling
in the initial and final distorted waves must be small compared with the
strength of the central Well, and must be independent of % in the sum-
mation over partial waves. It is interesting to note that this dexrivative
relationship :emains qualitatively valid for thése particular (;,ﬁ)
transitions.

Foxr ?rocesses such as_these stfong (p,t) transitions to low-lying

positive barity states in 206

Pb, for which the dominant shell-model con-
figuratibns belong to a singlé oscillator shell, Glendenning (Gle 67,

Gie 65) has sho@n that the shape (but not the magnitude) of the dif-
ferential-créss section angular distribution can be calculated without

a detailed knoﬁledge of the nuclear wave fﬁnction. Referring to Eq. (9)
in Chapter III, this mearns that one value of N dominates, and the.;um over

N vanishes. Since L,S,J are also all fixed for these (p,t) transitions,

NLSJIT does' not

only the sums over the magnetic substates Muiuf remain. G
depend on these so that the nuclear structure dependence is removed,
except as a scaling factor which dges not affept the shape of the dis-
tribution} The summations of Muiuf generate the asymmetry in the cross
section (see Egs. (14) to (16)) giving rise to the analyzing power, and
accofding to the simple DWBA (Bie 61), the analyzing power will depend
on the shape rather than on thé ﬁagnitude.of the cross section. One

expects, thereforé, for these transitions that Ay is also affected by the

nuclear structure in only a minimal way.
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- . DWBA calculations have been undertaken using:structure factors
from (Rey 67). With a fixéd\set of optical parameters the expected
insensitivity of the analyzing power calculagions to the wave function
was confirmed for the transition to the’ground state with structure
amélitudes derived from several different wave functions (Rey 67, Bro 67).
Having established this, the optical parameters themselves were studied.
The dashed curves for.the ground state transitiQn in Figs. 53 and 54 show
that parameters used in previous 208Pb(p,t) DWBA studies (see (b) and (d),
Table II) produce an acceptable fit to the differential cross section,
though a poorer fit to the experimental analyzing power.. However, if the
proton optical potential derived from the global prescription of Becchetti
and Greenlees (Bec 69) is used, as shown by the solid curve, it produces
a good créss.section fit and also better accounts for fhe analyzing
power, particularly in predicting the large asymmetry at 25° and the
lesser maxima at more béckward angles. Although a comparison of £ﬂe quality
of the results from the two optical potentials is inconclusive on the basis
6f do/a0 alone, it appears that the latter potential is superior when
the coméarison is extended to include the Ay predictions. Two triton
potentials obtained from low energy (< 20 MeV) elastic scattering (Fly 69,
Bec 71) were tried, but the calculations gave fits to both ao/dﬂ and AY
which were inferior to those shown. |

In Figs. 53 and 54 calculations are also shown for the transitions
to the 2+; 4+, and 6+ states. 6ne éan see that the fits to these d4if-
ferential cross sections are éood for both proton optical potentials.

Agreement for the analyzing powers is poor in detail, although the
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predictions do oscillate in.phaSe with the data. Calculations usihg the
two triton potentials noted above failed, as in the ground state case,

» - .
to bring any improvement to the excited state fits.
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V. SUMMARY AND CONCLUSIONS'

This paper has reported angular distributions and analyzing
powers measured for a large number of (;,t) ahd (B, 3He) transitions
between lp-shell nuclgi. Analysis of the relative'aiffereﬁtial cross
section data agrees with previous results, in that éngular distribﬁtions
involving a unique transferred L-value, such as in many (g,t) transi-
tioqs, show a characteristic shape. Unfortunately the analyzing powers
do not. The situation is even more complicated in (3, 3He) transitions
which\can be considerably more complex because 6f the greater flexibility
inuthe transferred spin and isospin.

In‘o:der to provide theoretical pérspective oﬁ thesé results,
hsome'of these data have been compared with zerp—range:ﬁWBA calculétions
incorporating spin orbit terms in the optical poteﬂtials. Although these
célculations generally neglected the difference in é =0 and‘é>= i‘
transfer amplitudes which‘depends on the mixture of nuéléar foréesuin
the interaction, they‘nevertheless yielded rather gooa fits to neafiy
all the experimental differential croSs sections, even those whichjgre
complex. The DWBA calculations predict that, for transitions involviﬁg
a single L—transfer, the'anaIYZing power should generally, but not alQays,
also be characteristiq of this L—value. However, the aata inﬁicate that,
in fact, only in‘some of the-particularly simple transitioﬁs, especially
in the (;,t) reaction, and in both reactions populating grouqd and T.= 3/2
analog‘final states does the model give an acceptable accoung of the
experimental results. In a large number of other transitions, many of
which indicate no unusual complexity, the simple'bWBA completely:fails

to predict the experimental analyzing powers. It is apparent that the
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analyzing powers are sensitive to details which h;ve only a minimal effect
on the shape of the differenti#l cross sections. . |

By way of cohtrast we have also looked at the 208Pb(;,t)zoepb
reaction to four final states, obtaininé rather good overall agreement
between the theory and experiment. The ground state agreemeﬁt is excel-
lent for both cross sections and analyzing powers; for the excited
states, the cross section fit isbalso of good quality and the phases and
overall magnitudes of the analyzing powers are fairly well reproduced.

A determined effort has been made by a number of workers (e.g.,
Aus 64, Ros 71, Cha 73) to modify the DWBA formalism to eliminate the
need for the‘zero-range approximation, and theréby to take account of.
finite-range effects in the interaction which are éxpected to be iﬁportant
if processeé involving the nuclear interior are significant (Aus 64).
Such circumstances may be mbre.the case in the light nuclei and for
transitions to excited states in the heavy nuclei. With fespect to the
analyzing poﬁers, Nelson et al. (Nel 70b) have had some success iq
improving’fits to‘the few cases they considered below mass-28 by
including a finite range routine, but it is not obvious that the large
changes needed to achieve good fits for some of the lp—shell data
presented here could be obtained iﬁ this way. However it would be very
interesting to examine this‘approach with the more extensive experi-
mental data now available,

There is no doubt that a major factor contributing to the difficulty
of obtaining definitive information from‘these calculations is the choice
of suitable optical potentials. For the light targets at these energies,

the choice is not always obvious, especially for the mass-3 channel. In
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lead, also, the availability 6f sﬁiﬁable elastic scattering data with
which to establish a proper triton'optical potential would remove some
uncertainty in assessing, for example, the validity of the zero-range
approximation. Given this lack of complete optical model information
for the applicable elastic scattering processes, this source of
uncertainty cannot be overcome.

By assuming a simple direct process in these calculations, the
effects of multi-step or second-order'processes have been neglected.
The extent to which such factors affect the analyzing power in these
cases is not knéwn although efforts are underway to examine this
point (Kun 73) for lead. The strength of the L-forbidden (g,t) transi-
tion on ﬁhe 13C target is a good indication that the assumption of a
one-step direct mechanism may be tqo simplistic in some circumstances.

If multiple-step processes were important, involving, for example,
inelastic scattering in the proton channel, the correct treatment éf
the spin-orbit term in the optical potential might become a crucial
element of the analysis. It has been shown (She 68, Ray 71, Sat 71):
that deformation in this potential is important in the description of
cross sections, analyzing powers, and spin-flip probabilities for (g,p')
reactions even for relatively spherical targets. In particular, the
inclusion of the so-called "full Thomas" form of the potential appears
to be necessary to obtain good fits to these data, and may yield strong
effects in multi-step twoénucleon transfer mechanisms also.

Our results on the lp-shell nuclgi further demonstrate the
inadequacy of the simple DWBA and indicate a clear need for further

theoretical effort. These data may well provide a sensitive test of
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new theoretical developments in the study of two nucleon transfer
reactions in light nuclei. Although the present theory seems-bettér
able to account for the experimental data from the lead target, these
results also may be of use in evaluating more refined calculations

which consider such effects as second-order and finite-range processes.
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APPENDIX

RESULTANT ANALYZING POWER FROM TWO UNRESOLVED PEAKS
A simple relationship exists between the analyzing powers and
cross sections of two transitions which yield unresolved peaks. The same
relétionship also applies to complex transitions of multiple J transfers
as occur in (E, 3He), if the cross section and analyzing power for each

J is calculated separately.

For an unpolarized beam, the cross section 00(9) is independent

of ¢ so that
»co(e) = 00(—6) .

Also for a polarized beam

- >
cpol(e) = 0_(6) [1+ P cam A(0)]
- ’ _)- + .
= GO(G) [1 ~ e] where e = P - A(DO) is the asymmetry.
Then
g(-6) =0_(-0) [1 + e]

o (6 [1+e]l .. -

The number of counts in the left and right detectors for a given peak are:

# counts left =N QLO(-G)

L

Np

1]
It

# counts right QRQ(G)
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Therefore, the analyzing power is

1 (QLO'(-G) - 2.0(6) )
P, cam lex-e) + QRQ(G)

or, if QL = Q .

1 o(-0) - o(8)
o(-0) + o(08)

Pbeam

b4
m

Now, for two components, 1 and 2,

. 0(-8) =0 (-0) + oz(-e)
o(0) = 61<e) + 0,0
and
a, (6) =vodl(e) L+ -R @] , etc. :
Therefor?: h
e S |
beam 1 2 1l 2
o {0'01(6) (1 + el) + 602(1 + éz) - 001(1 - el) - ooz(i - e2)
- Pream | T01 @ +e) +0,,(1+e) +0,.(1-e) +0,(1-e)

/

}
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g..e. + 0 _e

_ 1 0171 0272
- ’
?beam %1 * %2
o > ’
but e, = P * A,. Therefore,

i beam i

011 022

%1 * %2

..A +0_ A

In simple terms the resultant analyzing power is just the
expected result: the average of the analyzing powers of the two components,

weighted by their respective cross sections.
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FOOTNOTES AND REFERENCES

1See referehce Hae 67. In short, the field of a sextupole is given by
‘ -
B = Bm(i?az where B and r are the magnetic field and the radial distance
m
from the axis, respectively. Subscript m denotes the value at the pole

tip. The radial force then is

F = -grad (L - B), where U = magnetic moment .

li

|
b s
(e}
Al
[+
o)
w

i.e. P xr.
2Our nomenclature and definitions follow the Madison Convention (Bar 71,
pP. XxXV).

3DWUCK was written by P. D. Kunz, University of Colorado, Boulder;.Colorado,
(Oct. 1967vversion). Modifications to include ﬁhe harmonic oscillatgr
two-nucleon form factor were made by J. C. Hardy. Other changes to -
include the coherent and incoherent summations for multip;e transfers

were made by J. C. Hardy, H. L. Harney and myself.

4Structqre amplitudes corresponding to a pure jj-configuration were taken

from reference (Fle 71).
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