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TWO-PROTON PICKUP STUDIES witd TE (Bri,8m) meacrrom
- Robert Benjamin Weisemmiller
Nuclear Science Division
University of California

Lawrence Rerkeley Laboratory
Berkeley, California 94720

ABSTRACT
The (6Li,8B) reaction has been investigated on targets of 26Mg, 24Mg,
l60, 13@, 120, lle 108, and gBe at & bombarding energy of 80.0 MeV, and
on targets of 160, 12C¢_9Be, 7Li, and BLi at & hombarding energy of
93.3 MeV. Only levels consiSteﬁt with a direct, single-step two-proton
piékup reaction mechanisms were observed to be strongly populated; On

T, = ) targets, the spectroscopic selectivity of this reaction resembles

z
that of the analegous (p,t) reaction, Additionally, these data demonstrate
the dominance of spatially syinetric transfer of the o protons. On
TZ'> 0 targets the (GLi,QE)vK@actian was employed to locate two previously
unreported levels {at 7.47 + 0,05 MV and 8.86 + 0.07 MeV) in the
Tzvm 2 nuclide 2%e and to establish the low-lying lp-shell states in
the T, = 3/2 nuclel ll%a, gLi, aricl 7He, However, o evidence was seen
for any narrow levels in the T, = 3/2 nuclide S nor for any narrow
excited states in ‘He,

The angular distributions reported here are rather featureless
and decrease monotonically with increasing angle. This behavior can
be shown by a semi~classical reaction theory to be a conseguence of
the reaction kinematics. A semi-classical approach also suggests that

the kinematic term in the transition matrix element is only weakly
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dependent upon the angular momentum transfer (which is consistent with
sinqile Distorted Wave Born Approximation calculations). However, only
qualitative agreement was obtained between the observed relative
transition yields and semi-classical predictions, using the two-nucleon
coefficients of fracticnal parentage of Cohen and Kurath, probably due to

the limitations of the semi-classical reaction theory.



I, INTRODUCTION

A major part of the focus of muclear physics bhas been the attempt to
explain adequately the interacticn between nucleons. This maclear
interaction can be usefully described by a central potential with an
additicnal “residuai interaction® to describe detailed behavior, ‘The
dominant component of the residual interaction in light nuclei with an
excess of protons or neutrons is paiving correlations (Ri 68) which can be
investigated by two-nuclecn transfer reactions. Such reactions have been
a particularly fruitful field for muclear svectroscopic studies (See G1 7%
and An 72 for examples). Light-ion two-nucleon transfer reactions have
been uged to study all types of two-particle and, also, two-hole states
except for two-proteon-hole levels. A two-proton pickup reaction would
camplement the existing two-proton stripping resction studies, since
pickup reactions preferentially populate levels below the Fermi sea, while
stripping reactions populate those above it

The (6Lipr) reaction would seem o be the optimum two-proton pickup
reaction for studies in the Ip-shell, Wo lighter reaction pair is of
general utility (Gue to the limitations of neutvon beams £or the (n,3ﬁe)
reaction and the difficulties of dét@ating particle-mmstable nuclides in
reactions such as (a,6Be))@ Any heavier reaction pair would result in.
more severe kinematic contributions to the experimental energy
resolution, would often have bound excited states so that the energy
spectra would have “ghadow peak® awbiguities (this would be the case for
'the ®pe, oy, (12,Y0), ana (180,20Ne) reactions, but not for the

(115,13N) reaction), and would present more of a challenge to detector

telescopes for adequate particle identification (see Section IT for a more
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complete discussion of particle identification and other experimental
considerations). The (6Li,8B) two-proton pickup reaction is well-suited

to counter telescope experiments since both ’8 and 9B are particle un-
stable, which allows a c¢lean separation of the BB events fram other
isotopes. The difficulties with these other reactions is evidenced

the few other published examples of two-protan pickup (8i 72, Ch 73, Sc 74a,
and Je 74).

This work constitutes the first study of all lp-shell targets readily
available in solid form, This region is particularly suited for an
initial survey, since it bas been investigated thoroughly with other two-
nucleon transfer reactions and the coefficients of fractional parentage
{cfp) relevant to two-nucleon transfer have been calculated (Co 70). Both
of these results provide a convenient base for establishing the reaction
mechanism., Of particular interest was the degree of anti-symmetric pair
transfer (Kﬁ 72 and Lk 70). The two-particle cfp for b 6Li + 2p (Ku 75)
indicate that there is a larger ampli“tude for the proton pair to be in
a gpatially anti-symmetric (3P) state than in a symmetric (lD) state
relative to the ®Li core (see Section II1I). The simplest cluster transfer
wmechanism corresponds to an internal 15 state (as in the (p,t) reaction)
for the transferred nucleons, which for the (6Li,813) reaction can only
arise from the D compenent. 1f anti-symmetric transfer is important,
then the expected symmetry between the (6Li,8B) reaction and the analogous
{p,t) reaction on T, = (N - 2)/2 = 0 targets might be distorted.

While most of the two-proton-hole states in the lp-shell can be populated
by koth types of transfer symmetries, there are a few known levels

which would be fed predominantly by spatially anti-symmetric transfer,
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and two examples of this will be discussed with t¢he experimental resulis
in Section IV.

From this comparison of the experimental data from the (GLiyaB)
reaction on T, = 0 targets to both the two nucleon cfp's and the earlier
(p,t) results, it is possible to demonstrate that this reaction has
the anticipated gpectroscopic selectivity. This selectivity in the
population of states in the final nuclel was then exploited on neutron-
excess targets to indicate the location of low-lying lp-shell states
in the T, = 3/2 nuclei 7He, gLi, and *'Be. fhis series of nuclei is
near the edge of particle stability, =0 that these levele present informa-
tion an the two-body interacticn in a relatively unexplored region.
Also, this reaction was employed for further study of ¥ ang SH; since
many ambiguities remain in the current description of these nuclides
(i 73 and Aj 74), any new experimental agproach towards elucidating
more of their character is of interest. Finally, data will be presented
for ““Ne and the T, = 2 nuclide 2dNe, These data on 2s-ld-shell nuclei

illustrate the possible extension of this work to heavier nuclei.



I1. EXPERIMENTAL DEYAILS -

While two-nucleon transfer reactions have‘ been thoroughly
investigated, this work involved an extension of many aspects of the
exper imental technigues employed in these earlier studies. These
differences occurred in the production of a lithium beam (Section a),
detection and identification of BB particles (Section C), and achieving
adequate background reduction in thése modest yield reactions (which was
accomplished in part through electronic requirements--Section C-—and -
partially by more detailed data analysis based upon multi-parameter
recording of each event--Section D). Many of these differences resulted
from the heavy-ion character of both 6i and 88, fThe yields placed these
'pa,rticular reaction studies as intermediate between more conventional
spectroscopic studies and mass measurement work on relatively inaccessible
‘nuclei, o that the experimental technigues resemble more closely those
amployed in the mass measurement studies, while the information and
interest resemble those of conventional spectroscopic ’studies°

A, lon Source, Cyclotron, Beam Transport, and Experimental Area

These experiments were conducted with the variable-energy, sector-
focused Lawrence Berkeley Laboratory 88-inch cyclotron, which provided
the reguired high energy beams (high energies are needed due to the
very negative Q-values of these reactions, the kinematic conditions,
and particle identification constraints). This cyclotron can produée
a waximm energy of 140 Q2/A MeV for heavy-ions of charge state Q and
mass A, Por °Li*? ions this corresponds to 93.3 MeV, which was

employed for the studies of the OLi and "Li targets and for a portion
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of the investigation with the °Be target. The remainder of this work
was conducted with an 80 Mev ®1i*? beam,

As there is no suitable gaseous lithium compound, lithium ions
have not generally been accelerated in cyclotrons, so that the develop-
ment of an appropriate lithium vapor source was required for this work.
These beams were produced at the cyclotron by a Penning Ion Gauge (PIG)
type source (see Cl 72) with arc-heated cathodes (ses Fig. II-1). The
lawer source cathode consisted of a mixture of isotopically-separated
by iv (40%) and tantalum powered (60%), which was fused at high pressure.
In addition, a tantalum sleeve, coated with fused S1iF was placed inside
the anode chamber. A carrier gas (typically MNz) was enployed to
strike and maintain the scurce arc. 'This arc ercded the cathodes and
heated the sleeves, thus vaporizing the lithiua.

This beam was accelerated by the cyclotron operating on the first
harmonic at a freguency of 8.5 MHz, 80 that successive basm pulses
(5-ns wide) were separated by about 120 ns. The cyclotron, beanm
trangport systems, and the experimsntal avea are shown in Fig. IT-2.

A beam enerqy analysis of JdE/E ~ 0,14% was obtained by bending the
peam with a switching magnet through an angle of 39.5° onto a 1.5 mn
wide analyzing slit. Absolute beam energies were measured with a high
precision analyzing magnet (Hi 69) with a d8/8 = 0.02%, which was
calibrated for absolute energies lw scattering molecular hydrogen ion
beams on +2C and chserving the T = 3/2 resonance in 1% at 14.232 Mev
(Ba 71). (This system is located in an adjacent exper jm@m:al area
and is not shown in Fig. I11-2.) Typical beam spots of 1.5 x 2.0 e

were obtained on target in the 0.5-m scattering chamber.
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Within this chamber detectors were mounted about 15 cm from the
target on two independently movable platforms located on either side of
the beam. An aluminum housing with tantalum shielding on the upstream
side enclosed the counter telesgope, and a 600 gauss permanent magnet
was placed in front of the collimators to deflect low energy electrons
produced in the target. 1In some of the experiments the detectors were
cooled by a thermoelectric cooler to -200C to reduce thermal noise
and leakage current. 'The scattering chamber pressure was typically
4 x 1072 Torr; carbon buildup was reduced by employing a series of
ligquid nitrogen cooled traps.

B. Targets

Self-supporting isotopically enriched targets were used in these
experiments (see Table [I-1 for further details). Target thicknesses
were determined from the energy loss of alpha-particles from 212p,
and 21281. For targets of natural isotopic composition or those which
were rapidly oxidized, portions were weighed on a microbalance. These
determinations are estimated to be accurate to about 15% due to inhamo-
geneities in the target and the presence of taréet contaminants. The
amounts of contaminants (typically carbon and oxygen) were determined
by conparison of either their reaction or elastic»yield relative to
weighable samples.

C. Detectors and Electronics

Bach detector telescope consisted of four counters. The first
two of these detectors—denoted as AE2 and AEl--were Ortec surface-
barrier transmission detectors (of 34 and 24 um thickness, respectively).

The remaining counters were fabricated at IBL. The E detectors in



Table II-1. Target information and detector geometry.
Targets Detector Collimation
Isotopic Purity Thickness Angular solid Angle
(%) Acceptance (msr)
(mg/c:mz) (degyrees)
6Li 99.3 0,40 0.6 0.27
0.6 0.27
i 99.99 0.33 Same as for Oni
e 100.0 0.13 0.6 0.31
0.6 0.19
10 96.0 0.14 Same as for “Be
llB 98.0 0.21 Same as for OLi
12c 98.89 0.22 0.7 0.43
0.8 0.45
B¢ 90.0 0.14 Same as for °Be
160 99.8 0,12 Same as for °Li
(lé’() thickness)
2y 99.7 0.15 1.0 0.65
1.6 0.38
261\&9 99.4 0.45 Same as for 24‘Mg
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these two telscopes were 200-um phorphorus-diffused counters. Finally,
a l-mm thick lithium-drifted detector was employed to reject those
events which did not stop in the E-counter.

Signals from these detectors fed charge-sensitive pre-amplifiers
(PA) (see ?ig. II-3). The PA signals were then delay-line shaped
(400 ns) into bipolar signals in the linear amplifiers. This form
of shaping gives fast baseline recovery and a narrow pulse width
(~1 us), which predﬁced a dead time of about 5% at a counting réte
of 20 kHz. (The dead time was measured by the ratio of randomly-
strobed pulse triggers to the number of pulser events observed in the'
final data.) Events were limited to one beam burst by a pile-up
rejector (PUR) with a pulse pair resolving time of 50-ns and an
inspection time of l-us. Events were further limited to the particles
of in.erest by single channel analyzer (SCA) windows around the energy
signals in each detector. The slowest component of the electronics,
the particle identifier, required stretched signals (~5-us). However,
signals were stretched only if there‘was a 40-ns fast coincidence
between SCA's in all three amplifieré, plus a valid event signal from
the PUR within 40-ns, and there was no event in the Rej amplifier
within 1-us. In this particle identification unit, the energy signals
from all three counters were added to produce the total energy signal
(Etotal) for each event. |

The resolution of this total energy signal was determined by a
combination of the natural level width, the spread in the cyclotron
beam energy, the electronic resolution, the target thickness, and the

finite angular acceptance of the collimators. All these effects can
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be considered to add in quadrature, although some have rectangular
distributions (Mo 66, Ma7l); typically, the dominant contributions
were from the last two effects. The resolution in these experiments
was usually 200-300 keV. |

The particle identifier was a Goulding-Landis three-counter,
double identification system (see Go 66 and Ce 66a). This method of
identification is based upon the empirical relationship that the range

of a charged particle is given by
R = ARP | (1I-1)

above a certain energy threshold. A is a constant characteristic of
the particle type, E is the particle energy, and b is a constant that
is weakly dependent upon the Z of the detected particles. For boron
isotopes, this last constant is about 1.6 (Po 76), but the constant

b is empirically optimized at the beginning of each experiment for

the particles of interest. If a charged particle passes through a
transmission detector of thickness T and deposits AE in this counter
and then stops in the E counter losing E amount of energy in the latter,

then, it can be demonstrated that
/A = (B 4+ AEP = B = (Bepap)P - B (11-2)

and this T/A is an energy independent particle identification (PI)
signal (see Gb 64).

The resoluticon of this signal is obviously directed ptoportional
to the wniformity of the transmission detector. Detectors normally

cannot. be made with a non-uniformity less than 0.5-1 micron and a
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typical limit is ~2 microns (Wa 75), which will lead to relatively
poorer identification with 20-um detectors than 200-ym ones as
transmission deﬁectors, Also, it can be demonstrated that A is
proportional to Mzz, which implies poorer separation for heavier
elements. - Since the energy loss of charged particles is proportional
to MZ?’/.E‘., these rather low energy O particles (in the region from

40 to 70 MeV) have a range of at most 300-um in silicon, so that rather
thin transmission detectors (35 and 25 um thick) were employed. Thus,
for detected heavy-icns, the particle identifier gives particle spacings
smaller than for lighter particles and the thinner transmission counters
led to poorer particle resolution.

One can achieve lower background by employing a second transmission
detector, as is illustrated in Fig. II-4, so that two independent
determinations of the particle type can be generated. To the extent
that a miéidentificatiom occurs in either counter due to non-statistical
fluctuwations in the rate of energy loss (for example, caused by channel-
ing, blocking, or mnalously high energy loss é‘ue to the Landau
precess), then the ratio of these particle determinations will be
ancmalous, The particle identification wnit generated a particle
identification signal (fram the summed energy losses in the transmission
detectors) by an analog circuit employing a 1cgarimﬁic element and
aleo a ratio signal of the two independent identifications (since each
PI signal = T/A (Bq. Ti-2) and thus, PI;/PI, = Ty/T,, this ratio
corresponds to 'the ratio of equivalent detector thicknesses). We have
examined alternative means of gating this ratio to improve the particle

identification. The gating can be performed either on-line (which
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allows a better evaluation of the data during the experiment, but suffers
from irreversibility), or off-line. With on-line gating the percentage
of events rejected was carefully monitored, since slight gain shifts

in either transmission detector system can cause drastic increases

in the rejection rate. Typically, 10 to 20% of the events were rejected
by this gate.

We bhave examined the effects of @his selection process as a function
of energy, because of the interest in this work in both angular distri-
buticns and cross sections as a function of excitation energy. Along
with the anamalous identifications due to non-statistical fluctuaticns,
there is a general energy dependence in the particie identification
signal., We have determined that the majority of the rejected events
were in the low energy portion of ﬁhe spectrum (E(BB) S 40 MeV). This
can be investigated onfline by uéing the E 8CA to vary the energy region
of events entering the particle identifier, or by off-line gating of
the ratio signal. From these investigations we have determined that
if a U3 event loses more than 15 MeV in the E comter (equivalent to
about 45 MeV total energy for the typical transmission countezs employed) ,
its particle identification signal is reasonably energy independent.

This is in agresment with theoretical range-energy calculations of
the PI signal employing the computer code 1.ZY (Ma 70). Accordingly,
we will limit our presentation of data for individual energy levels
to this region,
| A typical PI spectrum is shown in Fig. II-5. As can be seen from
this spectrum, a clean separation of the BB's from other boron isotopes

was readily achieved.
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D. Data Acquisition and Analysis

For each event, four parameters (either AE2, AEl, Beotal? and
the PI signal generated from the summed energy losses in the AE's:
or the ratio of the PI signals, E, Beotalr @d Plioeay signals) were
sent via a multiplexer and an analog-to-digital converter to an on-
line POP-5 computer. The energy spectra were displayed during the
experiment on a CRT and the events were written on magnetic tape fo;c
subsequent. analysis. Iﬁ this off-line analysis on an SCC-660 computer,
the multi-parameter sorting and gating program CHAOS (Ma 74) was employed
to set more stringent PI requirements and to generate the resulting
energy spectra. These spectra were then analyzed with the peak-fitting
program NERTAG (Ma 71), which camputed the peak centroids, integrals,
and widths. ‘These ¢uantities were then used in the program LORNA
(Ma 71) on a C0C-7600, which calculates a least-gsguares £it to the
known energy calibaticn points and assigns excitation energies to other
lavels,

pefinite assigrments of peaks to a particular reaction were made
only if thay were seen at several angles with the appropriate kinematic
shift, Harly investigations were inade of carbon and oxygen targets,
s0 that spectra from the basic tarvget contaminants were well-understood.
As an aid in the analysis, all the data on each target were kinematic—
ally shifted to one angle and summed by the program SUMSHIFT on the
8QC-660. Also, the data for unbound light systems (e.q., 4H, 5H) were
csmgnréssed by a factor of 4 (from ~100 keV to ~400 keV) to improve
the statistical analysis of broad levels (see Appendix A for a des-

cription of some considerations in the analysis of unbound systems).
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Finally, the measured angular distributions will be presented with
only statistical error bars on the data points; this indicates the

relative error, although the absolute error could be as large as 30%.
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IIT, THEORETICAL CONSIDERATIONS

While, in general, these studies represent an extension of earlier
two-nucleon transfer investigations to include two-proton pickup, the
heavy-ion nature of the incamihg and outgoing particles adds a distinct
chéracter to these studies. Much of this differencerarises due to
the possibility for transfer of two nucleons in various coupling
configurations. In spite of these additional possibilities, the
observated selectivity in the population of states in the residual
nuclei suggests that the dominant configuration of the two transferred
protons remains the 18 relative state, the predominance of which is
expected from the fundamental nature of the pairing interaction.
While the transferred pair is an internal lS cluster, its total wave
function is 1ﬁ with respect to the br.i core; the extended nature of
this state means that finite-range effects will be important in
describing the reaction kinematics. These finite-range effects,
alceng with the large number of partial waves (and the angular
momentum mismatch) of the incéﬂdng and outgoing particles, cause the
reaction to exhibit characteristic heavyaiéﬂ reaction features, which
swgest the appropriateness of semi-classical treatment of the reaction
process,

A. General Features of Two-Nucleon Transfer Reactions

Studies of light-ion tow-nucleon transfer reactions have been
legion and the reader is referred to the mumerous general articles
discussing spectroscopic studies with these reactions (for example,

Gl 63, Gl 65, Gl 75, To 69, An 72, and Br 73),
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The transition matrix element of a nuclear reéction can be
describéd in terms of a nuclear structure component and a transfer
amplitude, the product of which is summed and averaged over the
appropriate quantum numbers. For two-nucleon transfer reactions, this
includes a coherent addition of these amplitudes over the internal
quantum numbers of the transferred nucleons. This introduces a
sensitivity of the transition strength not only to the magnitude, but
also to the sign of small admixtures into the wave functions of the
"core" plus "cluster" systems (To 69). (In the case of heavy-ion
reactions, such as (6Li,8B), we must conside; the "core" plus "cluster"
system in both the target and in the outgoing ©B.)

Typically, the interest is in the nuclear structure factor term,
which is called the spectroscopic factor of the transition. This
factor is proportional to the square of the two-nucleon coefficients
of fractional parentage (2-cfp), wherebthis coefficient, in the case
of pickup, describes the target ground state wave function in terms
of states of the finmal nucleus coupled to two nucleon states with
appropriate values of relative angular momentum between the "cluster"
and the “core".

For a single-step direct reaction, these spectroscopic factors
are a measure of the probability of two-nucleons forming a particular
cluster through their spatial correlation (the transition strength
will also depend upon the probability density of the cluster wave

function in the region where the transfer occurs). For two (or more)
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nucleons these spatial correlations arise from, not only the nucleon-
nucleon force (or the pairing interaction), but also from the angular
momentum coupling (Gl 63). (For example, the spatial correlation of
two identical nucleons with angular maomentum j, which are coupled to
J, is larger if the classical orbits of these particles‘are co-planar
(i.e., if J is 0) rather than tilted with respect 0 each other.)
However, the transiticn strength will be largest when the transferred
pair retains the same relative state; which would select @ssentially.
only the 1 ciusters in the target for pickup into a triton in the
(p,t) reaction, but could allow other cluster configurations to match
therB ground state wave function in the (SLiygﬁ) reaction.

Although light-ion two-nucleon transfer ie&ctians often have a
possible swmall component of Ip as well as '8 cluster transfer (e.qg.,
the expansion of the triton ground state wave function has a Ip component)
which offers this possibility to the (p,t) reaction), the s state
deminates these reactions (Br 71). In heavy-ion reactions the more
cumpl icated structure of the projectile-cutgoing particle-pair could
vesult in tronsfer of “clusters” not only in the relative 15 state,
but also with 1p or 3p cmnfiguratiéms, if the structure of the other
system contains these relative configurations., This will be discussed
in greater detail in Section I1I-B. Similarly, the transition strengths
will depend upon slight admixtures in the target ground state wave
function in this pickup reaction, and examples of this sensitivity
will be presented in Section IV (in particular, with respect to the

first excited state of 9Li)o
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B. Structural Features

It is clear that the transition strength is dependent upon the
structure of both the target and 88, a heavy-ion aspect of the (6Li,88)>
reaction is the more complicated structure of the projectile-outgoing
particle pair than for the light-ion reactions. One of the more
interesting features of this reaction is that it provides a means of
~ investigating anti-symmetric pair transfer. This type of transfer
process has been the subject of some theoretical speculation ‘(Ku 72,

Lk 70). There is a great weight of evidence that light-ion two-nucleon
transfer reactions occur only through the transfer of a pair coupled
predominantly in a spatially symmetric (18) configuration rather than
a 1p state. Ho#:ever, it would be useful to learn whether this arises
because of the limited structural possibilities of the light-ion
reactions, or because of the more prevaient nature of the 15 state

due to the pairing interéction. This test requires that the structure,
both of the reaction pair and the target, provide an opportunity for
anti-symmetric transfer, and we will discuss each system in turn.

The (6Li,813) reaction is a good probe for determining the
importance of the spatially anti-symmetric (3P) qonfiguration in the
transfer process, since 88 has a higher percentage of a 3p pair relative
the 6Li core than a lD cluster. (See Table III-1 for the magnitude
of these symmetric and anti-symmetric transfer terms for some heavy-
ion two-nucleon pickup reactions—the SMAG, PMAG, etc., notation
will be discussed below.) This can be seen fram the ground state
configurations and spins of OLi and 8B (see Table III-2). The dominant

ground state configurations (25+1L) can be connected only by
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Table III-1. Spectroscopic factors for lp-shell heavy-ion two-
nucieon transfer reactions.,

Symmetr ic Anti-Symmetric
Reacticn SMAG  DMAG  EBMAG 0 PMAG 1 EBMAG 2

61,88 or BLi) o 0.032 0 0.141  0.494
OBe, ¢ or MBe)y 0 0.747 0 0.888  0.720
(308,12 or 1) o 1.354 0 0 0.039
(L, 13y 0 2,061 0 1.806  0.472
(Hg,13p) 0.637 0.043 0.10L 0 0.004
(M2, 40 or Moy 0,597 © 0,101 0 0
Fe, o) 1.002 0 0.300 0 0
(19,81 or BB 0 0.732 0 0.295  1.428
Mg, %) 0.667 1.443  0.022 . 0.143  1.984
(M0, 080 or Woy 2,747 0 0.032 0 0
(43, Hge) 1.9590 0 0.090  0.001 0
(Mo, Lpe) 1.784 6 0,111 0 0
(Me, Hey 0 2.061 0 1.806  0.472
(M, A0y 0.597 0 0.100 0 0

(Mn,%p or 149 0,033 2.415 0.008  0.388  0.361

15y, 13p) 0 3,737 0 2.755  0.955
(1w, B3y 1.002 0 0.300 0 0

(360,14c or Yy  2.212 o0 0.788 0 0




-24-~

Table III-2. 25 ¥ 1 components of the ground state wave functions
of ®Li and 8B (from Ba 66).

oL g.s.;1t 0.992 35 ~ 0.028 3p + 0.120 p

8p g.s.;2" 0.922 3p - 0.242 3p + 0.060 3F + 0.241 17 - 0.148 3p
- 0.032 3p + 0.084 P

(Note that in 88 the 3p and 3p configurations are repeated, since the

group theoretic symmetries are different for the two cases of these
configurations.) -
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(6Li R2p = 8B) 35 ®3P = 3}?; since for the L-values, only 3 + i = -i,
and two identical fermions must have S=1 for odd L and T=1., Symmetric
transfer must arise through other than the dominant configurations,
such as in 35 ® D = 3p. One can see that symmetric transfer cane
only cocur by a 1p oohfiguratiom (relative to the 6ri core) since
1®0 (*sy) # 2.

These configurations relative to the core can be decomposed by
the Talmi brackets, that have been tabulated by Brody and Moshinsky
(Br 60), into the internal relative angular mamentum X and the center-
of-mass angular momentum A of the pair relative to the core, where

L=X+h | (111~1)
The 3p configuraticn (I = 1) can be decomposed into only A = A = 1.
The 'p configuration (L = 2) can be transformed with equal amplitude
(/2/2) into either A = 0, A = 2, or A = 2, A = 0. (Since the Talmi
transformation brackets are for harmonic oscillator wave functions,
they are expressed only in terms of L;) For the antimsymetr ic component,
since § = 1, the L = 1 term can correspond to J = 0, 1, or 2, while
for symmetric transfer each L c:arrésponds to a unique J.

As previcusly mentioned, for a test of the strength of transitions
through the anti-symnetric components one needs not only a reaction
pair with a large component of anti-gymmetric transfer, but also a
target that contains a large portion of anti-symmetric transfer strength
to a particular final state. The 2-cfp's for the lp-shell in a ji-basis
bave bsen tabulated by Cohen and Kurath (Co 70) based upon their
intermediate coupling wave functions (Co 65 and Ku 56), As part of |

this work (Co 70), Cohen and Kurath have tabulated the transition
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strengths for J = L = A = 0 transfer (denoted in their notation as
SMAG or S magnitude) and for J = L = A = 2 transfer (called DMAG for
D magnitude) for a relative 1s cluster (A = 0). We have extended this
work of Cohen and Kurath by calculating and tabulating the analogous
quantities for anti-symmetric transfer (with AT=1) for their wave -
functiohs, which we will denote in a similar fashion as PMAG 0, PMAG 1,
and PMAG 2 (for L = A=A =1with AT = 0, 1, or 2 respectively).
These values are listed in Table III-1 for various two-nucleon
transfer reactions and in Section IV for the targets studied in this
work. (A more complete listing of transitions with the lp-shell is
available from the author.) |

This transformation consists of first converting the 2-cfp's from
the jj-basis into an L°S representatidn, and then squaring them. Finally,
these quantities are weighted by a statistical factor for the available
number of pairs for the transition (/N[N-1]) where N is the mumber
of 1p-shell nucleons in the initial nucleus for pickup reactions and
in the final nucleus for stripping reactions. Because of the importance
of these spectroscopic factors for this work, these relationships
between the jj and L°S 2-cfp's are listed in Table III-3. It should
be noted from this table that the AJ = 1 transitions are only possible
through PMAG 1, while AJ = 0 or 2 transitions are possible through
either the symmetric or anti-symmetric transfer configurations.

In fact, SMAG and PMAG 0 (and similarly, DMAG and PMAG 2) are
| orthogonal combinations of the jj-basis wave functions. Accordingly,
these states accessible through anti-symmetric transfer of two nucleons

are fairly common, but they typically exist at rather high excitation



-27-

Table III-3. The conversions between the jj and L°S representations
of the two-nucleon fractional-parentage-coefficients.

0% s ) = /7 0% 33) + 0%y
0 V3
21,1 _ 02t (33) + V2 0%t (31
077 ¢ D2) =
/3
o ’pp) = 0" (3
- 21 21
0?13y - Y2 0°7(33) - 077 (31)
2 : V3
01 01
0% 3p ) = 0B + 20 7 a1)

0 V3

The notation employed is the same as in Co 70, and is GJT(1j12j2)

for the jj-representation and QJT(25+lQJ) for the L°S representation,




-28-

energy. These levels are rather inaccessible because of their unusual
configuration, so that only a few states of this type have been located.
The symmetric states occur at lower excitation energies and typically
have been well investigated. This level ordering might be expected
from the sign and size of the pairing interaction, which can be viewed
as splitting these states. Fortunately, we found two good test cases
(in the loB(6Li,8B) and the 160(6L1,8B) reactions) which provide a
good test for the importance of anti-symmetric transfer.

Another type of test for the importance of this reaction process
(and also for multi-step transitions) is to compare the results of
this reaction with that of the (p,t) reaction on T, = 0 nuclei. For
this type of target, the two reactions populate mirror final nuclei,
so that they are quite analogous (see the numerous discussions of
isospin, such as Cerny (Ce 68) and references therein, for a justificatioh
of these expectations). If the symmetry of the tfansferred cluster
were different in these two reactions, then a lack of correspondence
might be observed. However, the differing kinematic aspects of the
two reactions will tend to make the agreement between them inexact,
i.e., one would expect the same qualitative selectivity, but the relative
transition strengths might be quantitatively different. We will present
examples of this similarity on 6Li, 10B, 120, l6O, and 24Mg targets.

C. Selection Rules

A useful way of characterizing reactions is by their selectivity
in the population of states in the final nuclei. These selection rules
may suggest values for the spin and parity of populated levels. For
example, the (GLi,sB) reaction populates strongly only levels with

I
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the same parity as the target ground state, so that data from this
reaction will suggest the location of negative parity states in Tye,
9Li, and pe. Moreover, the reaction selectivity in the population
of states in the final nuclei will reflect the reaction mechanism,
s0 that it is possible to differentiate most easily among direct
reactions and more complicated mechanisms by the type of levels
preferentially populated (for example, see Ce 64 and Ma 71).

For simplicity, this discussion will be limited to lp-shell 1eveis,
thus, the dominant configuraticn of the ground state of a lp-shell
target of atomic number A may be described as (ls)4(11.};))*2*‘“4 Jye
If the (6Li,8B) reaction proceeds by a direét single-step pickup
mechanism on suéh a target, then only levels with the configuration
(ZLp)'Ef“‘“"6 Je may be populated (assuming for this discussion that the
ls-orbitals remain inert during the reaction, which deletes for now
reacticns on both the ®ni and Li targets). Since this reaction involves
the pickup of an even number of nucleons, the parity of the final levels
(g = wi(ul)Afz) must be the same as.that of the target ground state.
Similarly, the pickup of two identical lp-shell nucleons can change
the value of J; by at most 2, so 3% = 3; + il However, in a sequential
transfer the parity might be changed and in the pickup of two nucleons
in different shells the parity must be change.

If one denotes the initial state in the target nucleus and the
final state in the residual nucleus by_their total angular momentum
and isospin guantum numbers (5}, f;) and (gf, %f) respectively, and
also describes the single particle orbitals of the transferred nucleons

by their orbital and total angular mamenta (fy, 3)) and (I 33
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then with only the assumption of a direct reaction one can again

derive (see To 69) that

135 = 3¢l < 31 + 35 (I11-2a)
For the pickup of two lp-shell protons this relationship is

|3, -3¢l < 2 (I11-2b)

If one denotes the orbital angular mamentum, intrinsic angular

mamentum, total angular momentum, and isospin quantum numbers of the

> > o>

-
transferred pair by L, S, J, and T respectively, then (To 69)

> - -> > -

L = 1;+1, = A+ A (I11-3)
and

- -+ -+

S = 81 + 5, (I11-4)
and

5 > > )

T = tl + t2 : (I11I-5)
and

- > -+ > -5 .

J = Jjp*3dp = L+ S (III-6)

and for the transfer of two protons

T=1 | (I11-5)
These relationships have one solution for symmetric transferrand >
another for anti-symmetric transfer, since the fermion nature of the
two protons requires for an anti-symmetric (with respect to change)
total wave function that if L is even then
S+ T is odd : (I11-7a)
and if L is odd then
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S + T is even (II1-7b)

Then for symmetric transfer

-+ -+ >
L=32=2x+1h : (IT1-3)
80 either
-X = 2! K = )
or
=0, f=2
and
-+ -
S=0 (X11~4)
so finally
> > >
J=1L=2 (111-6)

and for anti--symmetric transfer

s - >

Lo=1=h4+h (IT1-3)
S0

-+ -5 ->

A=A=1
and

> -+

S =1 , (T11-4)
so finally

-+ > > > -+ B

Jg = L+8 = A+ A4+ (I11-6)

The necessity of retaining the same cluster configuration in both

systems of core plus cluster reguires that

- -

-+ -+
it J = Ji +L+S (XY1-8)

> -
Je = Jj
and so for symmetric transfer

- -+ <>
Jg = 3;+ 1L (111-8)
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The experimental results indicate that only symnetric transfer
occurs, so gf = 31 + E, The allowed L-values are identical to those
of the (p,t) reaction, There are few cases in which more than one
I~value will be allowed, and where the spinworbif interaction would
cause a cocherence in the reaction amplitude.

The (GLi,BB) reaction data provide a test of whether the relative
transition strengths simply arise from a "Q-window" effect (which is
unlikely at these beam energies and values of the Sommerfeld parameter
(see Section D)) . The best matching of the incoming and outgoing Coulamb
orbits occur at same optimum Q-value (see Appendix B-1 for the formula
forQOpt)° For this reaction all the‘vaalues are negative, while the
most favored Q-values would be positive (except for targets with Z < 5).
This could lead to transitions with lower (Q-values being enhanced.

As a test that the relative yields do not simply reflect this kinematic
hindrance, we have employed two cases (loB and 13C, see Section IV)

where an excited state should be populated more strongly than the ground
state (due to spectroscopic considerations), which was in agreement

with the experimental results. While there should be a general dependence
in theAtransfer amplitude upon the Q-value of the transition (see Sections
D and E), the relative transition strengths do not arise ccmpletely

from this effect.

Another aspect of the reaction mechanism that can be explored
from the selectivity of this reaction in the population of states in
the final nucleus is the strength of multi-step transitions which involve

an inplastic excitation of states in the initial (or final) nucleus
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before (or after) the two-proton pickup. By comparison of the form
factors and a coupled channel calculation, S¢rénscn (Sp 74) has proposed
that these indirect processes are an important component of transitions
to excited states in the 26M9(160,14C)288i reaction. These processes
could be indicated ty_the population of unnatural parity levels, |
as the excited states would by populated proportional to their collective
strengths. Although the 24Mg(6Li,8B)22Ne reaction is an appropriate
test.for this mechanism, since several multi~particle-~hole levels in

22Ne are kaown (0l 71, En 73) to be very collective, wé found no evidence
for these transiticns., This is in agreement with the lp-shell results
(A = +, Ef = 3i + 5), since the observed selection rules were derived
assuming only a direct single-step pickup of the proton pair,

D. Kinematic Considerations

The spectroscopic selectivit§ of the (6Li,gB) reaction demonstrates
that it is predominantly a direct, single-step pickup reaction, which\
would be expected by the high energy (over 13 MeV/nucleon) employed
in these studies. This selectivity illustrates the importance of
kinematic aspects in determining the features of the reaction., We
will explore in this Section the effects of kinematic variables on
the angular distribtions of this reaction, and in the following Section
their effect upon the transfer ampiit@desn

Kinematic effects upon angular distributions can be seen in two
extreme limits of the degree of localization of the incoming wave-packet
Sc 73, Sc 74b, Sc 75). A light-ion direct reaction has an extended
projectile, emphasizing the particule's wave nature. This extended

projectile, along with the limited L's of the tramsition, leads to
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a diffractive angular distribution. "Traditional” heavy-ion reactions
have possessed a localized incoming wave-packet, emphasizing the
projectile's particle character. In these heavy-ion reactions the
wavelength of the projectilé is much less than the invteraction radius
(Rit) (which is slightly larger than the touching radius of the two
spheres) and Ry, is large enough so that the effective potential felt
by the incoming and outgoing particles is primarily the Coulomb potential.
Accordingly, the transition yield is n\axijnizéd by the greatest overlap
of the incoming and outgoing Coulamb orbits. (This matching condition
differs in emphasis fram the conditions of Brink's formulism, which
will be discussed below. 1In the present approach, the Coulamb orbits
of the \incident and outgoing particles are well matched, while in the
discussion below the orbits of the cluster, with respect to the core in
the initial and final systems, are matched. In general, the requirements
of these two conditions are different, although in many cases the conse-
quences are similar.) Interactions that occur at a distance closer
than R, are absorbed into the compound system, while for those further
out than R;,, the transition probability is reduced by the exponential
fall-off of the nucleon probability densities. This leads to a
bell-shaped angular distribution, with the maximum probability at a
radius corresponding to the grazing angle ( Gc) .

These conditions for either a diffractive or a Gaussian angular
distribution can be expressed in terms of kinematic variables. The
critical variables are the wavenumber (k), R;,.. the grazing L-values
(roughly k°Ryne) or the mmber of contributing partial waves, and

the Sommerfeld parameter (N). (These kinematic parameters are defined
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in Bppendix B~l.) A Gaussian distribution arises when the wavelength
is much less than R, or equivalently k-° Ripe > i (and accordingly,
there are many contributing pacrtial waves) and when there is a wel].v
defined Coulomb orbit for the incoming and outgoing particles, or

n >> 1,

Por high-enerqgy heavy-ion reactions, such ag (@"If,ip%) , on light
targets the angular distributicns follow a simgle, wmonotonically
decreasing pattern with increasing angle as shown in ¥ig, {I1I-1 (see
Bi 67, Na 73, Yo 73, Do 65, Do 66, Gr 70, and An 74). In these cases

K°R: . >> 1, but n = 1. This distribution shaps might be viewed as

int
arising from the grazing angle being at an inaccessibly forward angle
or eguivalently from the localized particles again either forming a

mm}j:ound system below some R, or beyond R sampling the exponentially

decressing nuclear tail density,

the projectile-

onto a partvicular Coulomb orbit at R, & for a on cause of

4 in
the low n.

ﬁ'_‘hfa (%i,gﬁ) reacticn exhibits this monceanically decreasing angular
distribution on light targets (see Section I¥V), as might be expected
from its kinematic parameters (see Appendiz B-2 for a ligting of the
varisbles of interest for some representative tmrgets studied with

this reactich) . ¥For the (6Li,g}3) reaction on I il targets,

K*Ripe ~ 30, 0~ 1, 6, ~ 82 (coma), 80,: ~ 107 (e, and L ~ 7.

c min

Finally, it should be noted that on the much heavier tacget I“é{?ﬁd,

bell-ghaped peak at the grazing angle (We 75). Accordingly, the angular

distributions of the (6Li,813) reaction only reficct the kinematic aspescts
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iig. III-1l. Angular distributions for one, two, and three nucleon
reactions induced on a 12c target (An 74): (a) Reactions
induced with a 114 Mev 12¢ beam, and (b) reactions induced
with a 100 Mev 10B beam. (c) Differential cross sections for
a range of transfer reactions as a function of transferred
momentum. The theoretical curves of g~3 and q'4 are based

upon the calculations of Dodd and Greider (Do 65, Do 66,
Gr 70).
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of the reaction, instead of conveying structural information. Spectro-
scopic information can be obtained from this reaction only in the
relative transition strengths.

E. Relative Kinematic Hindrances

TO extréc:t gpectroscopic structural information from the relative
txaﬁsition strengtehs, it is necessary to be able to estinmate the
dependence of the transfer anglitudes upon the J {or L) of the reaction
and the particulor (-values of the transition. In this Section we
will discuss an agproach that provides an estimate of the relative
hindramse factors of transitions as a function of the properties of
~the final states in the residual nucleus.

These hindrance factors are analogons to the transfer amplitudes
of the transition matrix element that were discussed in Section A,

I

¢

v light-ion two-nuclecn transfer reactions the transfer amplitudes

are calculated by Distorted Wave Born Approximation (DWPA) computer
codes, such as DWICK (Xu 74s). We will not employ this approach because
the deqgree of momentum miswstching calls into guestion its utility:
moreover, because of the novelty of high-energy lithium beams, the
appropriate optical moxdel parameters are wnavailable; and, £inally,

the magnitude of the recoll terms (finite range effects) in these
systens indicates that a more govhisticated (and costly) OWBA code

such as IOLA (De 73), which includes recoil effects, should be employed.
B brief test of IWUCK confipmed that it did not reproduce the experi-
mentally detemined angular distributions, and suggested that the
kinematic term in the transition matrix element is enly slightly

dependent upon the J of the transitions. (These will be described
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as simple calculations since they employed optical model parameters
from 135 MeV OLi scattering on 285i (Go 75) for both the ®Li ana 8B
partiéleS'in this reaction on 12C, ignored finite range effects,
treated both 6Li and 8B as spinless particles, and were not optimized
by varying the parameters to describe the observed angular distributions.)
It has been suggested (An 74) that, with the assumption that the transfer
occurs near the surface of the target nucleus, the magnitude of the
quantity k 'R, (where kg is the wavenumber of the transferred cluster
and Ry is the target radius) provides a check of the size of recoil
effects, since this quantity is approximately equal to the phase factors
(which contain the recoil effects) in the transition matrix element
of the formalism of Dodd and Greider (Gr 70, Do 65, Do 66). Recoil
effects are negligible if ky°R is mugh less than 1, but for the
(6Li,8B) reaction on lp-shell targets\this quantity is about 5.

All of these difficulties are circumvented by employing a semi-
classical treatment (SCT) of the transfer amplitudes. This approach
has been generally successful for reactions with similar kinematic
conditions (An 74), although these conditions might seem to indicate
that a SCT would not be adequate (see Section D). This theory is based
upon a series of criteria that have been proposed as a méasure of the

relative hindrance (Br 72). These rules are for a reaction
a8y +cy = (cl + k) + Cy >y + (cz + k) = cy + ay

where a cluster "k" is transferred from a beam "a;" to a target "c,"
forming a f£inal nucleus "a," and an outgoing "cq". (To treat pickup

reactions in this formalism one uses the time-reversed reaction.)
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The initial and final states of the cluster with respect to the core

are described by
= 9 (1 b4 Oq ,0-
by = lry) ¥y, Oty

for k in a; and

for k in By where ul(rl) and uz(rz) are radial wavefunctions and
Y:“'s are spherical barmenics. For this reaction system, the optimum
kirematic matching cccurs when

1. AR = k= ARy~ /Ry ~ 0 (111-9)
where k, is again the wavenumber of the transferred cluster, the );'s
are the substates of the cluster's total angulaxf womentum relative
to the cores, and the Ri“s are the radius of the beam and the target.
The akove egquation reguires that the y-component of the momentum of
the trensferred cluster should ke almost conserved (see Fig., I1I-2

for the coordinate system exployed).
2o DL = Ay =Xy b 0.5k (R = Ry) + Qupp RAV ~ 0

where the expr@ssicm for Quep is listed in Appendix B-l. This cqndition
reguires that the change in the z-component of the total angular mamentum
be almost 0, or that the total angular momentum be conserved within

the limitations of the uncertainty principle.

3. 11 + )\1 = @ven

i}

aven



-40-

XBL769-10512

Fig. II1-2. Co-ordinate system employed in this semi-classical approach.
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where 1, and 1, are the total angular momentum of the cluster with
respect to the cores (for a spinless clustér) and Xy and ), are the
magnetic substates of these vectors in thé initial state (ll XJ) and

in the final state (1, A,). This condition requires that the transferred

]

nucleon be near the reaction plane, or that 6] 92 = /2 and ¢=0 in

0 unless 1+)\ is even.

i

the wavefunctions wl and wz, sincé Yyy (/2,0)
Given these eguations, one can derive an expression that incorporates

these conditions and calculates relative hindrance factors, The transition

probability from an initial state (llkl) to a final state (lzxz) can -

be expressed (An 74) by

N 2
P(hyedq) = pO(R)}Yllxl(ﬂ/z,O) lekz(n/z,on X

ol (2 (2]

where AK and AL were defined in conditions 1. and 2., the widths of

(I11-9)-

Oi and 0, are roughly 7 and (‘YR);L/2 respectively, with Y2 = mkﬁi/ﬁz,
and € is the average of the binding energies of the clusters‘in the
initial and final_nuclei'(but both are typically treated as adjdstable
parameters with 01 = 02 ~ 2.5), R is the touching radius, and P (R)
ié‘a function of the radial wavefuncﬁicns and R. This assumes that
the cluster k has éero spin,vthe centers of the nuclei ¢y and Cy
move along well defined classical paths, and the z-axis is perpendicular
to the reaction plane. ‘

| This approach can be extended to include the general case in which

the cluster and the cores both have non~zero spin (see An 74). For

a cluster with spin 8, and isospin Ty and angular mowentum configurations
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(LlJlMl) and (LszMz) in the initial and final nuclei, the transition
probability is

23+ 1
" T ; )3
21 23+ 1 ji: (2Jl + 1)(2J2 + 1)
2 IiM Ly oL Ty
.J2M2
(1) (2)
M_,
|BSka(J2L2 ) JlLlMl)G (LlSkaJl) 0 (LS, T,3,)
' 2
(T T T T T T {r. T
a,’3 | c.,’3 k'3 ) T2 T3 lTc T3 T, )|
a2 2 C2 k 1 al 1 cl k

This expression consists of the spectroscopic amplitudes (1) for the
decomposition of a ~ ¢ + k for particular states of k described by
L;S T J;, Clebsch-Gordon coefficients (symbolized by (TalT3a ITClTsclTkT3k))
for coupling the isospin vectors, and a transfer amplitude factor BSkT

for each transition term between states (JlLlMl) and (J2L2M2). This
transfer amplitude factor is relation to expression (III-9) by

Bg, 1, (JabMardylnMy) = 2 Iyl sy (I11-11)
MM

(I LA S M) P(AgeAy)

with some more Clebsch-Gordan coefficients and another sum over magnetic
substates (see An 74 for a more detailed derivation).

| This expression (I1I-10) is evaluated by the computer code HIPROB
{Ha 75). The quantity P, (R) in expression (III-9) is calculatéd by
a standard Coulamb bound-state wavefunction routine. The results of
these calculations will be discussed in Section IV; employing the

parameters listed in Table III-4.
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1t is possible to qualitatitively evaluate conditions 1 and 2 for

their effects upon the reaction selectivity. Expression (1),

K = Ko = A/Ry = A/Ry ~ 0 , (1)
for this (6Li,BB) reaction on lp-shell target can be reduced to

koRy = Ay = A5 ~ 0
since Ry ~ Ry. Typically, the equivalent stripping reaction for bri
on 1p-shell targets has a k Ry ~ 5, s0 we have

5-X =20 (1)

Similarly, expression (2),

AL = )\2-)\1 + O.Sko(Rl - R2) + Qeff R/hV ~ 0 (2)

can be reduced to

>\2—>\1~5~0
Both expressicns, if solved simultaneously, are zero for A1 = 0 and
Ay = 5. For allowed values of both A's, expression (1) is smallest
if Xz = Al = —2,‘and expression (2) is smallest if AZ = —Xl = 2, which
are mutually exclusive. The minimum value of the sum of expressions
(1) and (2) is when Al = (0 and Az = 2. The transition strength will
be proportional to the negative exponent of the sum of the squares
of these expressions and other terms will not be very significant.
Since pickup reactions are treated by thei: equivalent stripping reactions,
Al is the magnetic substate of the two-protons with respect to the
actual target core, and therefore, relative transition strengths will
be comparable for L=0 or 2 (oﬁ 1). However, with higher excitation

energy Qu¢f increases, so that expression (2) will become mismatched.



-45-

Therefore, there will be’a general decrease in relative transition
strengths with increasing excitation.

This kinematic dependence is in contrast to the stripping reactions
reported in An 74, since in these cases the hindrance was minimized
at some higher excitation energy. The transition probabilities for
these stripping reactions resembled Gaussian distributions and the
peak in these calculations corresponded to the observed dominant
transition. Moreover, in these stripping reactions, lower J transitions
were hindered relative to high-spin states. For these pickup reactions
the transition probabilities are simply the tail regions of the Gaussian
distributions. The slight differences in the transition strength for
the various spin transitions is reproduced by exact calculations of
expression (I1I-10) and also by IMUCK calculations.

in summary, we have demcnstrated that the transfer amplitude term
in the transition matrix element enhances low excitation levels and
depends only slightly upon the spin of the transition, Accordingly,
the cbserved transiticn strengths within a limited range of excitation
anergy are a reascnable measure of the relative spectroscopic’factor;
This is vseful to note for Section IV, where the energy spectra will
be presented, V%lso” in Section IV, we will present same calculations
of the total transition strength (expreséion 111-10) and compare these

with the observed relative yields.
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IV. EXPERIMENTAL RESULTS

As discussed in the previous section, the observed relative yields
to levels in the final nuclei of the (6Li,8B) reaction are roughly
indicative of the two-proton spectroscopic amplitudes of these states.
The energy spectra, which will be presented in this section, will
indicate these relative transition strengths, since these relative
yields are independent of angle. The selectivity of the two-proton
transfer will demonstrate that this reaction proceeds primarily through
a direct, single-step pickup. In general, the dominant observed transi-
tions are only to levels with a significant predicted two-nucleon
spectroscopic factor. The observed angular distributions, which will
also be presented here, illustrate the lack of any obvious spectroscopic
utility of this aspect of the reaction. A summary of the experimental
investigations is presented in Table IV-1.

Excitation energies and the associated spins and parities of the
levels populated in this reactioh were obtained by comparing the observed
excitation energies to the previcusly measured ones (tabulated in Aj 74,
Fi 73, BEn 73, etc). The uncertainties in the measured excitation
energies indicafe primarily the extent of reproducibility in these
observations. Similarly, it should again be noted that the uncertainty
irslicated in the angular distributions represents only the statistical
\ error; the absolute error could be as much as 30%.

As a measure of the strength of anti-symmetric transfer we will
employ both the 1+ 1evels in 4c and 8Li and overall compar ison of

the spectroscopic selectivity of the (6Li,8B) and (p,t) reactions.



Table IV-1. Summary of ewperimental irwestications.

: Argular Range : Observed Energy
: g-Value Beam Energy  Studied {(Geg) Levels
Target {M2V) {MeV) wc.m,} Final Nucleus {MeV)
bui  -21.17 93.3 31~46 % 8.0
i -25.02° 3.3 27-49 5y ---
% -23.5974 93.3 32-49 e 0.0
SBe -23.5974 80.0 22-40 The 0.0
05  _37.7300 80.0 22-44 i 0.0,1.9,2.2,6.5
g  _-25.1330 80.0 20-32 St 0.0,2.6,4.4,6.4
120 -21.4829 80.0 16-49 10pe 0.0,3.2,5.9,7.5,5.4,11.8
12 -21.4429 93.3 18-29 10ge 0.0,3.3,5.9
B -25.8865 80.0 18-36 - g 0.3,2.7,4.0
8%  -16.5914 80.0 17-29 14¢ 0.0,6.1,6.9,8.3,10.4
189  -16.5914 93.3 15-25 14 0.0,6.5,8.3,10.4
2%y -14.7410 80.0 14-30 225 0.0,1.3,3.4,4.5,5.4,
. 5.9,6.3,6.9,7.5
2%- -19.1002 89.0 11-28 - 2% 0.0,2.0,3.9,7.5,8.9

=

This Q-valve is for transitions to a final S system with zero binding energy for
breakup to t + 2n.

-LV-
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Other tests are possible, such as the predicted 23+ state in 10pe

(See' Table TV-2), but this work seems to have utilized the most
satisfactory test cases. The results for the 8Li case are particularly
unambigquous since the location of at least the 11+ state is well
established (unlike the cases in Uge and 9Li) and this level is at

a low excitation energy so that the configuration should be reasonably
pure (unlike the 23"L state in 10Be whére even the 22+ strength is
fragmented). While the 1" level in 14c is not definitely located and
is at a hicjh excitation energy, it h‘és a very large predicted transi-
tion strength so that it should clearly be in evidence (see Table IV-3).
Finally, the overall comparison between the spectroscopic utility of
the (6Li,8B) and (p,t) reactions does not depend upon any one level,

so that it removes the ambiguity associated with the uncertainty in

the configuration of any particular level,

This section is divided into four parts. The first portion
consists of data for the T, = 0 lp-shell targets 12C, 160, and 10B,
which will be compared to the earlier data fram the analogous (p,t)
reaction on these targets. The second part contains data fram reactions
on the neutron—excess targets Bc and llB, which will be compared with
data fram the (t,p) reaction leading to the same final nuclei. The
third portion consists of data for reactions on 9Bé, 6Li, and 'Li tatgets,
which lead to unbound final systems that have yet to be campletely
characterized in a non-controversial and unambiguous fashion (Aj 74,

i 73). It should be noted that the hierarchy among the three lp-
shell sections reflects a trend towards an increasing neutroh to proton

ratio with a corresponding decrease in the knowledge of the final system.
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Finally, the fourth part consists of data for the 2s-1d-shell targets
24Mg and 26Mg, which represent an example of the possible extension
to heavier targes of the work presented in the earlier parts. 1In all
cases these results will be compared to available theoretical
spectroscopic amplitudes and level predictions.

A, T, = 0 1p-Shell Targets

1. The 12C(6Lii88)10Be Reaction

An energy spectrum of the 126(6L1988)10Be reactions is shown in
Fig. IV-la. These data were collected with an 80.0 MeV beam from a
0.22 mg/cm2 target. This particular spectrum is a composite of data
collected between 8, = 12.8° and 16.8°, in which the data were
kinematically shifted to 8, = 15.8°, Data were also collected with
a 93.3 MeV beam energy as a calibration for the studies employing
6i and "Li targets; both the selectivity and the yields were
essentially unaltered by the difference in beam energy (as is expected
for a direct reaction at similar bombarding energies).

As indicated by this spectrum, the dominant transitions are to -
the 07 ground state and to the first excited level, at 3.36 MeV (21+);
The next peak (22+ at 5.96 MeV) probably corresponds to the 2% member
of the 2%, 1~ doublet at this excitation energy, since the 1~ level
must have a cross-shell configuraticn and this type of state would
be unlikely o have substantial parentage in the 1% ground state wave
function., Weaker transitions ave seen {0 a state at 7.54 MeV (23+),

a prabable 2% level at 9.4 MeV (A 74), and a known state at 11.8 MeV
excitation. 7These experimental results are summarized in Table IV-2.

The rather featureless smgular distributions of the first two transitions
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Fig. IV=l. (a) A composite spectrum of the lZC(GLi,BB)lOBe

reaction between 6y5p = 12.8° and 16.8° (with E(SLi) = 80 MeV),
in which the data were kinematically shifted to 615, = 15.8°.
(b} The 12C(p,t) 10¢ reaction induced by 54 MeV protons at

B1ap = 19.5° (as 75). (This angle lies at the first minimum ‘in
the 10c g.s. angular distribution.)
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are shown in parts (a) and (b) of Fig. IV-2.

One sees a strong similarity between these results and those of
the 12C(p,t)lOC reaction (As 75, Be 67), which are shown in Fig. IV-1b.
These .data were collected at the first minimum in the 10c ground state
angular distribution. The comparison between these energy spectra
suggests the location of the analog levels in these two final nuclei.
Both of the higher excited levels at 5.28 and 6.60 MeV in 10c have
angular distributions which are consistent with L = 2 (As 75). 1In
the first case this supports the suggestion that the 5.96 MeV level,
populated in the 12C(6Li,8B)10Be reaction, corresponds to the 2% member
of the 2+, 17 doublet (denoted by 23+). In the second case, it supports
the suggestion that the 6.60 Mev level in 10c is the analog of the
known 2% state (23+) at 7.54 Mev in 19pe, Finally, analogs of the two
higher lying transitions (at 9.4 and 11.8 MeV excifation in loBe) were
seen as a by product of the 14C(p,t)lzc investigation (As 76) due to
1% target contamination. Although the differing transfer emplitudes
lead to a relative enhancement of the yield to higher lying levels
in the (6Li,8B) data compared to the (p,t) reaction, there is a strong
similarity in the selectivity of these two reactions.

The various theoretical predictions for both the energy levels
and the transition strengths for two-nucleon transfer are also summarized
in Table IV-~2. (As the transfer amplitudes are ignored, the comparison
between these predicted transition strengths and the observed yield
is meant to be very qualitative.) Ohe sees reascnable qualitative
agreement between the various level predictions and the experimental

results. Major disagreement between theory and experimental results
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Fig., IV~2. Angular distributions for reacticns induced by an 80 MeV
6r,i beam: (a) +2(61i,8B)'0Be g.5.: (b) +4C(PLi,BB)10Ber
(3.37 Mev, 2H; (c) *60(6Li,BB)1%C g.5., and
@ L3¢ (6i,Br)Hme* (0.320 Mev, 1/27).
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appears for the transition to the 23+ level '(at 7.54 MeV), which is not
an expected lp-shell level; also, the 22+ state at 5.96 MeV has a large
spectroscopic factor (relative to vthe 21+'1evel) , but a relatively weak
transition strength. The 23+ state is felt to be primarily an sd-shell
"intruder” level (Al 69). Its population in this reaction might indicate
that the predicted 22‘,* lp-shell configuration is split among the observed
22+ and 23+ states, which ocould explain the observed transition strength
to the 22+ level.

The close correspondence between the theoretical predictions and
the experimental results would suggeét that the theoretical 23+ state
corresponds to the probable 2t level at 9.4 MeV excitation and that
the theoretical 02+ state corresponds to the 11.8 MeV peak; this would
be consistent with these levelé being populated, along with the other
transitions seen in this work, in the /Li("Li,®)10Be (Gl 71) and
9Be(p,w'*') 1OBe (Da 73) reactions. While the 23+ state may be populatéd
by antisymnetric transfer (see Table IV-2 for the predicted relative
magnitude of the symmetric and anti-symmetric transfer components),
it is more likely that its possibly relative enhanced yield reflects
either the effect on the transition strength of either admixtures in
the 12 ground state wave function or configuration mixing in the
final level, Of course, these two transitions coould also correspond
to the predicted two 1% levels, whoée locations have not been experi-

mentally determined, but this is rather unlikely, as will became

obvious from the discussion of similar states in 14C and 8Li.
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2. The l60(6Li,8B)14C Reaction

An energy spectrum of the 16O(6Li,88)14c reaction is shown in
Fig. TV-3a. These data were collected with a 93.3 MeV beam from a
16% oxidized (by atom) 0.34 mg/em® 'Li target at 6;,. = 13.5°. Carbon
contaminaticn gave rise to the 10pe states; the spectrum is cut-off
before possible transitions could arise from the Tri camponent of the
target. Data were collected at 80.0 MeV with both a 0.21 mg/cm? $i0,
target and a 100% oxidized (by atom) 1424 target., The reaction yield
and selectivity again were essentially unchanged with the different
beam energies,

The dominant transitiom is to the ¢ ground state and the next
strongest transitions are to a series of 2% levels at 7.01, 8.32 and
10.0 MeV excitation, In this particular spectrum the 0pe contaminant
state obscured possible further transitions to the 17 level at 6.09 MeV
and » 01 state at 6.58 MeV (which is predominantly an sd-shell level
(Al 69)), but these transitions were seen in the investigations with
the other targets, By analogy to the 100 (p,t) o reaction (F1 71),
shown in Fig. IV-3b, one would expect that the peak near 7.0 MeV
corresponds o not only the 2V state at 7.01 MeV, but that is also
has an unresolved component corresponding to the 37 level at 6.73 MeV
(this is consistent with both the measured excitation energy and width
of this peak, which was often barely resolved fram the transition to
the 07 state at 6.59 MsV), The experimental results are summarized
in Table IV-3; the ground state angular distribution is shown in

Fig. TV=2c.
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Fig. IV-3. (a) An energy spectrum from a partially oxidized Li
target for the 160(6Li,8B)1l4c reaction. These data were
collected at 03ap = 13.5° with a 93.3 MeV 6Li beam. Carhon con-
tamination gave rise to the 10Be states. (b) The 160 (p, t) 140
reaction induced by 54.1 MeV protons at 01ab = 27° (F1 71).
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As can be seen from Fig. IV-3b, the dominant transition in the
16O(p,t) 145 reaction is to the 145 ground state. This level is followed
in strength by the triplet of 2% states. Finally, the two cross-shell
1" and 3~ levels and the sd-shell 0% state are also populated; thus,
thevse higﬁer—shell configurations are components of the 160 ground
state wave functions.

The theoretical predictions of the energy levels and transition
strengths are also sumarized in Table IV-3. The theoret_ical predictions
of the energy levels are not oompletély comparable, since both Boyarkina
(Bo 64) and, also, Cohen and Kurath (Co 70) employ calculations with
only a lp-shell basis, while both True (Tr 63) and Lie (Li 72) included
configuration mixing from 2s-1d-shell levels. These latter calcu-
lations agree more completely with the known levels. One effect of
these higher configurations can be seen in the triplet of 2% states,
which is felt to arise from the strength of the 2% configuration being
split among these three levels (F1 71, Tr 63, Li 71). This configura-
tion has a very large spectroscopic factor, so this suggested frag-
mentation of the transition strength leads to better agreement between
these results (and those of the '(p,t) .reaction (F1 71)) with the
predicted spectroscopic factors (Co 70). B

Reactions on this target also provide a convenient test for anti-
symaetric transfer processes. The predicted 1t level can only be
populated by anti-symmetric transfer (since AJ = 1). It has been
preposed by Kaschl (Ka 71) that this state is located in 14C at

11.7292 MeV excitation (based upon results fram the BN(d,3He) MC reaction).
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This region is obscured by a contaminant peak at the angle shown in
Fig; Iv-3a, but no strong transition is seen to this level in any of
the other spectra, indicating that anti-symmetric transfer does not
play an important role in this reaction.

3. The loB(GLi,BB)BLi Reacticn

Anvenergy spectrum of the 105 (6r,i,8p)81i reaction is shown in
Fig. Iv-4. These data were collected with an 80.0 MeV beam from a
0.14 mg/c:m2 target; this particular spectrum is a composite of data
collected between 6, = 9.7° and 20.3°, in which the data were
kinematically shifted to 81, = 9.7 The 14¢ 1evels arose from 160
contamination of the target.

The deminant transition is to the 37 level at 2.26 MeV. Weaker
transiticns are seen to the 27 ground state, a 1* level at 0.98 Mev,
and to the known (Aj 74) state at 6.53 MeV e#citation, These experimental
results are sumarized in Table IV-4; the angular distributions are
shown in'Fig. Iv-5.

The éame Qualitative selectivity in the relative transition strengths
was observed in the lOB(p,t)gB reaction (Sg 70), which is not reproduced
here. This (p,t) study could only cbserve the lower-lying transitons,
s0 that the analog of the 6.53 MeV state was not observed.

The varicus theoretical predictians of th; energy levels and
transition strengths are also sumarized in Taﬁle IV-4. 1In general,
the theoretial calculations indicate that there should be an extremely
high level density in 8Li (and 8B), but relatively few states have

been located. However, 81i is unbound above =2 MeV, and several of
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the known states are quite broad, so that it would be difficult to
identify many of these‘levelsa

This nucleus provides a good test for the importance of anti-
symmety ic transfex; since both of the low-lying 1% levels can be
populated essentially solely through spatially anti-symmetric transfer,
However, since the 17 level at 0.98 MeV is weakly populated, little
evidence for this transfer mode is seen., Similarly, if one assume
that the second 1Y state corresponds to the known spin 1 level (AF 74)
at 3.21 MeV, then this conclusion is further confirmed. Finally, one
sees from the transition strengths that the 3t state's strong population
relative to the ground state also provides supporting evidence that
anti-symnetric transfer is unimportant (since this 2% level has a larger
possible anti-symmetr ic component than the 3" state). In SUEATY ,
then, we have seen no evidence for anti-syimetric transfer either in
the vield of the 1% level in 14:p or the known 17 state in 8Li, or
a poasible 1V level in BLi, or in overall comparisons between the
(6Li588) and the (p,t) reactions,

The relative transition strengths of the ground state and the
3% level indicate that the ohserved population ratio reflects the
spectrosoopic factors, instead:of solely the reaction kinematics.
The only other cases in the lp-shell where an excited state should
be populated more strongly than the ground state are in transitions
leading o Uge (which will be discussed below) and those leading to
1280 (in this last case, data from the 14C(sLi,gﬁ)lZBe reaction (Wi 74),
which was employed in an attempted mass measurement, were consistent

with the population of the first excited state, but only an upper limit
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could be determined for the ground state transition).

Fram the spectroscopic factors of Cohen and Kurath (Co 70), one
could suggest that the 6.53 MeV level is either a 3+ or é 4t state,
and these high spins would be consistent with the known (Aj 74) narrow
width of this level (<40 MeV).

B. T, > 0 lp-Shell Targets

1. The 13C(6Li,8B)1lBe Reaction

An energy spectrum of the l3(‘3(612.i,8}3) llpe reaction is shown in
Fig. IV-6. These data were collected with an 80.0 MeV beam from a
0.14 m;/cxn2 target; this particular spectrum is a composite of data
collected between 61, = 9.4° and 20.3° for a total of 32,800 4C, in
which the data were kinematically shifted to 6y, = 14.3°. The 10ge
and 14c levels arose from the 1%C and 160 contaminants in the target,
respectively.

The dominant transition is to the first excited state of llBe,
a 1/2° level at 0.320 MeV excitation, which is the lowest lp-shell
level (Aj 75). The predominant population of this state, instead of
the known 1/2% ground state (Aj 75), was established by the known
10Be contaminant transitions. More weakly populated levels are seen
at 2.69 and 4.0 MeV (this last peak may correspond to both members
of the known doublet near this excitation). These experimental results
are sumarized in Table IV-5; the angular distribution of the first
excited state is shown in Fig. Iv--24.

The selectivity of this reaction can be contrasted with that of
the 9Be(t,,p) Hpe reaction (&j 72), which populates all the known levels
in HMBe, while the (6Li,BB) reaction can only populate lp-shell levels,
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which must have negative parity, the (t,p) reaction can also populate
states with higher configurations and positive parity. An example

of such a level is the 1/27 ground state of Hpe, This unusual level
ordering of a 2s-ld-shell state below the lp-shell levels has been
explained by Talmi and Unna (Ta 60) as a consequence of the differing
interaction energies of the 251/2 and 191/2 neutrons with the 1p3/é '
prbton. The lack of population of the lige ground state by the
130(6Li,88)118e reaction is additional confirmation that the level
at-0°320 MeV excitation is the lowest lp~shell state in Upe, Finally,
by the comparison of these two reactions we can suggest that the known
levels at 1.79 and 3.41 MeV might have positive parity, since they

are not populated in the (6Li,8B) reaction,

These results can be compared with the predicted level spacings
and transition strengths shown in Table IV-5. We have located three
lp-shell states below 5 MeV excitation, which agrees with all three
calculations (given the lowest level at 0.320 MeV excitation). All
three calculations predict a level order of 1/27, 3/27, and 5/27.
While the predicted strength of the population of the 3/27 state is
guite small, these transition strengths are quite sensitive to small
admixtures in the target around state wave function (Ku 76).

2. The Ur(01i,88)%Li Reaction

An energy spectrum of the llB(6Li,8B)9Li reaction is shown in
Fig. IV-8. These data were collected with an 80.0 MeV beam from a
0.21 mg/cmz target; this particular spectrum is a camposite of data
collected at 0, = 12.4° and 16.4°, in which the latter spectrum was

kinematically shifted to 8y = 12.4%. The 1% transition arose from
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the 160 comtaminant in the target.

The dominant transition is to the (3/2)” ground state of 9Li.
Weaker transitions are observed to levels at 2.69, 4.31, and 6.41 MeV.
The other known state, at 5.38 MeV excitation, is not appreciably pop-
ulated. Wwhile this could indicate that this level has positive parity,
a more likely explanation for its absence is that it has negative
parity, but a small spectroscopic factor. These data are summarized
in Table IV-6; the ground state angular distribution is shown in
Fig., Iv-7a.

These results can be compared with those of the 7Li(t,p)gLi reaction
(Yo 71), which populated all of the known levels in Li. From a com-
parison of the observed level spacing and widths with their predicted
values by Barker, along with a comparison between the predicted and
observed transition strengths in the (t,p) reaction, it was suggested
(Yo 71) that the 3/27, 1/27, 5/2", 3/27, and 7/2° states correspond
to the observed levels at 0, 2.69, 4.31, 5.38, and 6.41 MeV, respectively.
It should be noted that the population of these levels by the (°Li,%B)
reaction strongly suggests that the populated states have negative
parity (although we cannot suggest any spin assignments) and that both
reactions generally agree on the locétion of the lp-shell levels in
oLi.

These experimental results can be compared with the theoretical
predictions of the energy spectrum and transition strengths, which
are also summarized in iable IV-6. While there is reasonable agreement
among these predictions as to the mumber of low-lying lp-shell state,

there are differences concerning their order. Kumar's work (Ku 74b)
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is an improved versicn of Barker's (Ba 66): it employs the same
theoretical techniques, but is based upon more recent experimental

- data. The level ordering of Boyarkina (Bo 64), Kumar, and Norton and
Goldhammer (No 71) agree, but differ with Cohen and Rurath (Co 70)

(and also Barker) as regards thé order of the first two excited states.
The probable 1/27 assigrmment to the first excited state (Aj 74) agfees
with the majority of these calculations. If this level is indeed a
1/27 state, then its transition strength is much greater than might

be expected from its very small spectroscopic factor., However, a 1%
admixture in the B ground state wave function would increase this
strength to 0.15 (Ku 76). Similarly, the observed population of the
possible 7/27 state at 6.41 MeV rather than the possible 3/27 level

at 5,38 MeV (Yo 71) could arise from the sensitivity of the transitioﬁ
strengths to this admixture. In summary, while this reaction does

not: establish the spin of unknown levels, it does strongly indicate
their parity; the (weak) population of the excited state is potentially
extremely sensitive to any configuration-mixing in the target ground
state wave function.

C. Unbound Final Systems

this section can, for the most part, be viewed as a céntinuation
of the investigation of the light T, = 3/2 nuclides (i.e., the earlier
llBe, 9Li, and now 7He, SH, and finally 3n (see Ce 74 for the 3n portion
of this study); but not 44 which has T, = 1). However, these unbound
nuclides are discussed separately from +1Be and °Li, since the inter-
pretation of these results must consider phase-space distributions

and final-state interactions (see Appendix A). Moreower, unbound levels
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have broad widths, so these energy spectra are four-channel sums of
the original data. Transitions can be obscured not only by the broad

"widths of these states, but also by the underlying breakup continuum.

1. The %Be(bLi,BB) THe Reaction
| An energy spectrum of the 9Be(6Li,8B)7He reaction is shown in

Fig. IV-9. This particular spectrum was collected with an 80.0 MeV
beam from a 0.13 mg/cm? target at 61ap = 9.7° for 9200 uC. The smooth
curve in this figure corresponds to the phase-space distribution for
the three-body breakup reaction 61i + %Be » 88 + ®He + n. Four and
five body breakup reactions can also contribute to the underlying
continuum above théir indicate thresholds. The relationships amoung
these thresholds are indicated in Fig. IV-10.

The ground state of 7He, which is unbound to ®He + n by 440 kev
(Aj 74), is clearly populated. This reaction was investigated not
only for a range of angles (from 6, = 9.7° to 18°) with an 80 Mev
beam, but also at two angles ( 6, = 15° and 18°) with a 93.3 beam.
These studies show no indication of any sharp excited states in The
below ~10 MeV excitation. However, weak transitions to a possible
broad excited state in ’He would have been obscured by the breakup
continuum., The experimental results are summarized in Table IV-7;
the angular distribution is shown in Fig. IV-7b. This nuclide has
been investigated by the ’Li(t,3He)’He (St 67) and the 'Li(n,p) He
(Li 73) reactions, which also failed to locate any sharp excited states
in e,

These negative results can be contrasted with the predictions

of excited levels of 7He, which are also shown in Table IV-7. However,
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if a level near 3.6 MeV excitation in The (corresponding to the pre-
dicted 5/2" state, which has the largest transition strength of the
excited levels) has the sawe fraction of the ground state strength

as seen in the similar llB(ﬁLi,gB)gLi reaction (~10%, see Table IV-6),
then it.would be difficult to discern if it were broader than ~1.5 MeV.
Only the predicted 3/2" ground state (see Table IV-7) shculd have a
relatively large transition strength. The population of the ground
state in this two-proton pickup reaction strongly suggests that this
level has hegative parity, as expected.

2. The 6L1(6L1,8B)4H Reaction

An energy spectrum of the 61,4 6L3 8B)4H reaction is shown in
Fig, IV-lla. 7his spectrum was collected with a 93.3 MeV beam from
a 0.40 ﬁg/ﬁm target at 6., = 14. 79 for 950 pC. The smooth curve
in this figure corresponds to the phase-gpace distribution for the
three-body bzeakup reaction 801 + Oni » 88 + ¢ + n. ¥our and five
body breakup reactions can also contribute to the under-lying continuum
above their imdirected thresholds.

The observed enhancement zhove the three-body phase-space dis~
tributicn can be attribuﬁed to the known (Fi 73) (¢ + n) final-state
interaction, which would correspond to transitions to the 27 ground
state of % along with possible contributions from transitions to probable
17 and 07 levels in %M, since all these states are broad. This enhancement
was seen with appropriate kinemaics at all four angles studied (fram
8.ap = 119 to 17°); additionally, its intensity eliminates contaminants

as a cause. Assuming that all of the counts above the phase-space
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6 8

Fig. IV-11l. (a) An energy spectrum of the Li(6Li, B)4H reaction
: collected at Ojap = 14.7° for 950 MC (with E(®Li) = 93.3 Mev).

These data are four channel sums and the smooth curve
corresponds to three-body phase space. The excitation
scale is relative to the t + n threshold. (b) An energy
spectrum of the 7Li(6Li,8B)5H reaction collected at
01ap = 14.7° for 6200 UC (with E(PLi) = 93.3 MeV). These
data are four channel sums and the smooth curve corresponds
to four-body phase-space. The excitation scale is relative
to the t + 2n threshold and 19Be and l4c levels arose from
target contaminants (see text).
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curvé correspond to this transition, then the observed yield is
equivalent to 4 ub/sr (c.m.). This cross-section is roughly constant

at all angles studied, although these might be a slight enhancement

at :more backard angles. These data can be compared to the analogous

bri (p,t) 44 reaction (Ce 65) and both spectra show very similar structure.
Although little has been established in 4, it has been studied through
numerous reactions (Fi 73).

3. The 'Li(%Li,8B)°H Reaction

An energy spectrum of the TLi (GLi,sB)SH reaction is displayed
in Fig. IV-11b. This spectrum was collected with a 93.3 MeV beam from
a 0.33 mg/cm? target at 6., = 14.7° for a total of 6200 uC. The smooth
curve drawn in this figure corresponds to the ptxaée—-space distribution
of the four-body breakup reaction 6i + 'Li> 8B +t+n+n. The
thresholds for the higher—excitation breakup channels are also indicated.
Transitions to levels in 10Be and 14C arose from 1%c and 160 contaminants
in the target, respectively (theée states provided useful calibration
points). (The four-channel summing of the original d;ta obscures these
odntaminant peaks, but Fig. IV-3, shown for the 160(6Li,88) 14C reaction,
is representative of the higher energy portion of the original spectrum.)
Counts above the phase-space curve may be attributed to either
these target contaminant reactions or to other multi-body breakup channels,
such as the three-body breakup 8 + t + (2n) or 8 + 4H + n. Unlike
the ®Li (®Li,8B)H reaction (and all the others studied in this work),
no obvious evidence is seen for a strong final-state interaction in
5H at any of the angles studied (from elab = 11° and 15°). As a measure

of the experimental sensitivity to possible >y levels, the yield at
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low excitation energy above the phase-space curve corresponds to
~100 nb/srmmev; which may be compared with the cross-section of the
final-state interaction in 4H of 1 ub/sr-MeV. In summary, this
investigation, as was the case in the 9Be(a,BB)SH data (Mc 68), the
3H(t,p)%H study (Yo 68), and pion-induced reactions on 'Li targets
Mi 69), has produced no evidence for any sharp 5H states below 10
MeV excitation. A negative finding was also the result of the earlier
investigation of the 7Li(7Li,lL3)3n reaction (Ce 74), where for the
lowest possible T, = 3/2 nuclide~—-3n, there was no evidence for a
narrow state below at least 10 MeV excitation.

D. The 2s~-1d Shell Targets

While the remainder of this work was devoted to lp-shell targets,
these final two targets will provide an illustration of the possible
extensions of this work to higher shells. The study of 220 and 24Ne
is of particular interest because the neon isotopes exhibit a gradual -
decrease in deformation from 20Ne to 2%Ne. This decrease in deformation
with the addition of neutron pairs has also been noted in the sodium
isotopes, where 26Ma can be successfully described by a spherical shell-
model calculation (F1 74a). Moreover, this region is valuable for
allowing the comparison of various micr@scopic and macroscopic
calculations, particularly since a spherical shell-model approach with
a full 2s-1d shell basis has became feasible (Co 74a, Co 74b). Wwhile
exact™ shell-model calculations can reproduce these trends in rotational
character of the spectra, it would be more generally useful if this
region could serve as a guide among the various Hartree~Fock calculations.

To adequately explain this region in the Hartree-Fock framework it
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is necessary to allow for pairing correlations (Ma 73) and possibly
"shape-mixing" (or shape "co-existence") (Kh 71). Shape mixing occurs
when the prolate solution (which can be associated with a small neutron
energy gap and a large proton gap) has approximately the same energy
as the oblate solution (corresponding to the solution with a small
proton energy gap and a large neutron gap) (Kh 71). Since thé reduced
energy 'gaps enhance pairing correlations, reactions studying the two-
particle configurations in these nuclei could provide an interesting
test of these various theoretical models. Finally, 2%Ne is a T, = 2
nuclide, so this study illustrates thé applicability of this reaction
to study such nuclei by employing T, = 1 targets such as l‘IC, 180,
224e, 30si, etc. '

1. The 24Mg (6Li,8B)22Ne Reaction

An energy spectrum of the 24Mg (6Li,8B) 22Ne reaction is shown in
Fig. Iv-12. These data were collected with an 80.0 MeV beam from a
0.15 mg/cm? target; this particular spectrum is a composite of data
collected between 6), = 10° and 22°, in which the data were
kinematically shifted to 6, = 18°. Transitions to 0Be and l4c levels
arose from 12C and 160 comtaminants in the target, respectively.

The dominant transition is to fhe ground state of 22%e. Also
transitions were clearly resolved to the first excited state which
is a 2% level at 1.27 Mev, the 4% level at 3.36 MeV, and another 2t
state at 4.46 MeV excitation. At higher excitation the density of
final states (see Table IV-8) adds ambiguity to the transition assign-
ments, but our analysis of these data suggests that the peak near 6 MeV

excitation corresponds to barely resolved transitions to the 2% level
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Table TV-8. Swamary of some of the exper{mental axl theoretical resulta for 22*.

Pradicted Levels

Lowtying . Levels Coeerved Preedom and Cross Sections ZAC'-.)E
Fom tevels™ In this work wildenthal®  craiq® Nalmk;:;ﬂyad and i tenond® fem. ™ 2
J" MaV My 4 kev »b/st
[} o 0 o* 0 [ 0 0 5.5+ 0.4
* L7 1.26 0 2* 1.4 1.0 1.2 1.4 1.7 ¢ 0.2
¢ 3.3 .36 o & 3.2 2.8 3.5 3.5 1.0 4 0.2
?* 8.46  4.45 50 2* 3.53 3.8 6.9 as 0.740.2
r s. 14 3* 4.51 4.48 5.4
n2* 5.3 2* 877 4.6 8.0 %]
* 5.3%  s.37 o 4.95 6.6 6.0 0.7 4 0.2
- .52 1* s.18 as 5.0
3* .64 b2 $.43 5.1 6.0
29 so1 60 100 1t 5,45 6.5 1.7 + 0.2"
2! 6.12 ¢ s.54 46 5.5
ot 6.2 & 6.30 5.9 7.1 6.4
¢ 6.30. o* 6.81
Nl 6.3 3 6.2 6.3
0o-a* 6.6¢ o 6.8 6.4
(rnot) 6.69  6.69 0 2 6.1 0.3+0.2
2* 6.82
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Teble TV-8. Oontirued.

Predicted Levele

Leno-Lyying Levels Ooer ved Preedom end Khadkiker, a ole, watt, Cross Sactions (c.m.)f

Rram Levele® in This ®ork b craig® Rair, and Pandys” and whitehead® foga, ™ 2
wWildenthsl -

27 n 2y s hey A wd/BT
-.-k
a-3" 7.4

7.48 A
it 7.8 769 100 » .62 0.3
7.50

4,9%  7.56
o Ref. B0 3.
b Ref. Pt 72.
< Ref. Cr 74,
6 mef. R 7i.
o Ref. Co T4a.
£ The differeriiial crozs surtiornm dscrosse monokcnicslly with engle, see tewt. -
@ Ref. Mo 72 suggcots Bhat the 5.51 Kev level could be a 17 or 3 state rather then & 2% level.
h Thic pesk =most litely correspongs to pore then one trans{tion,
i Bsesd upon Ref. Il 76d zd Ko 72.
3 Bamad upon Ref. PL 4.
R S known levels were cmitted becmuce of the high demsity of ststes, see Ref. o,

_58,



.ena .
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Mo, Howewer, while the width and

centroid of this peak i soirds €0 more than one

transition, we connot dodiaitely dotorwine its composition., Weaker

transitions might covrose vt o the 07 Jowel ot 5.36 MeV, a natural
parity state at 6.69 Mav, oot 00 Grecd 2b Y040 MoV, (These assign-

ments are consistent with Lo

ol states populated by the

(a,0') reaction (01 70), wihich S0 oo by cooested, since these inelastic
scattering experiments woooroe o detonantion paremeter, and this
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wwacvion, which is in turn,
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(and these pairing

interactions are yreflecied in oo oennoeloon transfer transition
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Table TV-8; the ground SIRSIEE

Aivtodbution is shown in Fig, Iv-13a.
These data can Lo v o0 e To oo Eerig dhe analogous Mg (p,t)

reaction (Pa 74), ahown i wig, e 34
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data have better enevgy oo dnis o hoa doss the (Ond 8B reaction, the
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level structuce of - Aoty b Coweaved o 22Ne, so that this

compar ison suggesis vhe Compdivios of several levels in 22Mg

rather than clavifyving the (7

deta by identifying the isolated

analog transiticns.
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the 4% level at 5,26 0w o v abate at 4.40 MeV in
Z%Mg (2 2 () levely o vlo oonde o Sae 0V srave in 249 at 4.46 MeV.,

Vet engenvieons, this work indicates

cotivity of these

wio reactions even oo The wodedsiu Ay wine oy 28-1d-ghell targets.
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Compar ing the known and»observed levels in Table IV-8, it is clear

" that this reaction is quite selective. While the resolution of this
study precludes placing stringent limits on their population, no evidence
is seen for the population of the multi-particle-hole levels at 5.14 MeV
(a 2~ state) and 5.64 MeV (a 3" level), or for the 6% state at 6.30 Mev
all of which would be forbidden in a direct single-step pickup. This
selectivity will provide some bounds on the possible spin and parity

of the two previously unreported levels in 2iNe,

The variety of the theoretical approaches to this region can be
seen in Table V-8, Preedom and Wildenthal (Pr 72) employ an approxi-
mate shell-modc) appreoach, while Cole et al. (Co 74a) use a spherical
shell-model with a full 2s-1d shell basis. Craig (Cr 74) uses a
Nilsson model., Khadkikar et al. (Kh 71) enmploy a Hartree-Fock frame-
work with shape-mixing. This list is by no means exhaustive of the
theoretical approaches to 22Ne0 The state at 5.92 MeV is generally
considered to be an intruder level (Cr 74, Pr 72) and the 2t state
at 6.12 MeV is considered to be a 2s-ls shell state, which might disagree
with our results. However, there is a large uncertainty in the results
at this excitation because of the difficulties in unfolding the overlapping
transitions, Alternatively, it has been suggested that the state at
5.92 MeV is either a 17 or a 37 level (Ho 73). It would be difficult
to believe that there is such a large component of a cross—-shell level
in the ?4yg ground state. If the level at 5.92 MeV excitation were
a 3m cctupole vibration, then its strong population by this reaction

is possible (as is the case in the 54Fe(6Li,8B)52Cr reaction (We 75)).



This possibility is supported by thoe inelastic scattering data (01 70).

2
2. The Omg(°Li,%s) “Ywe

An energy spectrum Of the ““Mg(bLz M)‘MNe reaction is shown in

Fig. Iv=15. These data were collected with an 80.0 MeV beam fram a

0.45 mg/cm2 targdts: this pmviicular spectrum is a composite of data

collected between 0y, = g and 21%, in which the data were kinematically
shifted to 8y, = 179, fevels of e ang Y4c arose from the 12 and

165 camtaminants in he tacget, cospactively.

The dominant transition is o the ¢V ground state. Along with

a weaker transition to the #ireh excited level, which is a 27 state

at 1.98 MeV excitation, a paal is observed to 3.88 MeV, which probably
. el R .

corresponds to both meubers of the 27, 47, doublet near this energy

(while the measured excitation energy egrees well with the 2t level,

this peak is noticably bic an the other transitions in a high
resolution preliwinary chsorwation of this reaction (We 75)).
T:ansitions o two voreportad states (Mo 73) at 7.47 and 8.86 Mev are
also observed., Finally, some evidence is seen for the weak population
of the known level at 5.58 MeV, but the contaminant peaks in this region
precluded a definite confivwntion of its kinswatic shift. These experi-
mental results are svmwerixcd in @able 1¥-9, The angular distributions
¢ some of these levels ave shown in Wig, V=16, from which (as before)
it is apparent that these disiributions do not offer a means of dis-
oriminating ewcng the possible soin changes of the various transitions.
Teois of some interest vhat the ground state transitions éo 2%% and

ZQN@ kave alwost identical o

sbions (and angular distributions),
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Toble TV-9. Summary of euperimentsl snd come of the theoretical results fox 2,

predicted Leveis

¥roionold, Khadk ikar, Goie, Wntt, . Rolhertsom Strecture Crezs gecticrs {g.m.if
Rroa Levelst torrizen, and wetth Rair, and Pordye®  ond wWhitehead®  ang wildemthal®  Amplificaticn Oc.m. ~ 2
3° 3- pactort Py
¢ ] c o¢ s e ° e .36 1.9 20,2
EA R R 3 2 1.3 L.¢ 1.8 ' 2.2 9.015 8.6 % 5.2
EAR T e E 2.8 6.9 .G 4.27 0.9 0.3 % 0.1
&* 3.55 i 3.0 3.9 3.7 .96 e
i ¢.76 g* &1 1. 3.e 5.02 0.03
4.9 5* 6.1 7.5 §.66 5.03
2 5.5 8.9 .3 §¥ 5.6 0.01 19.63 » €.64)
(5.64% e* 7.2 .62 0
5.0t Fad 5.86 g
7.67 @ z* 6.07 .003 .25 ¢ 8.30
6.55 n .63 0.0¢ 9.15 & 0.65
2* 7.77 [
&
2 7.93 0.025
¢t 8.62 0.609
¢* 8.20 [
<+
a .84 0.006
a ®f. Bn 73,
b mef. % 7).
c Rel. ®h 71.
& Ref. Oo 76b.
€ Ref. Ro 73,
9 Pram Ref. f.
h The differential cross sactions Secresse monotonically with zngle, see tent.
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although the Q values differ by ~5 MeV. A simple DWUCK calculation
reproduces this trend. These experimental results can be compared
with those of the 22Ne(t,,p)MNe reaction (Ho 70), which identified

all the known levels, but could not have observed the two higher-lying
states,

Some of the theoretical predictions for 2856 are also summarized
in Table ITV-9. Cole et al. (Co 74b) embloy a spherical shell-model
calculation with a complete 2s-ld-shell basis, while Robertson and
Wildenthal (Ro 73) use a spherical shell-model calculation with a truncated
basis. Khidkikar et al. (Kh 71) employ a Hartree-Fock calculation
with shape-mixing, while Macdonald et al. (Ma 73) use a Hartree-Fock-
Bogoliubov calculation (which includes pairing effects) with number
projection, The two levels found in this work might provide an interesting
test for these various models, if their spins and parities could be
determined. However, we can cnly limit them to having spins <4 and
natural parity (which is the only allowed possibility for the transfer
of two identical 2s-ld-shell nucleons).

The structure amplification factors of Robertson and Wildenthal
(Ro 73) are compared with the observed transition strengths in
Fig. IV-17., Several higher-lying levels are predicted that might be
observed in this reaction. (Again one should note that slight ad-
mixtures in the ground state wave function might have a dramatic effect
on these predicted “transition strengths” for weak transitions.) It
should! be noted that the Preadom-Wildenthal interaction (which was
employed in this ealculation) predicts too high an excitatién for low-

lying levels and teo low an excitation for high-lying ones in 22Ne,
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and if this were the case in 24Ne, then the agreement with our results

would be reasocnable.

E. Comparisons With Other Reactions

In principle, there could be rather dramatic differences in the
population of levels in the final nuclei between the (6Li,8B) and (p,t)
reactions since the differing wave functions of the ocutgoing particles
could select different cluster configurations from the target ground
sﬁate wave functions. However, the_observed similarities between the
spectroscopic selectivities of these two reactions for the T, = 0 12C,
l60, loB, 6Li, and 24Mg targets demonstrate a related simple pickup
reaction mechanism and suggest that any differences in the relative
yields simply arise from the two reactions sampling the 15 cluster
probability density at different interaction radii (and over different
ranges of radii).

Agreement in the comparisons between the (6Li,8B) and (t,p) reactions
producing the same final nuclei (e.g., lLBe, 9Li, and 24Ne) leads to
the anticipated complementary nature of their spectroscopic selectivities
in studies of neutron-excess nuclei. BAny differences in the population
of levels in final nuclei between these two reactions indicate possible
- configuration differences (e.g., predominant particle or hole states).

Investigations of two-proton pickup reactions are still rather
sparse, $o that only limited comparisons are now feasible. As the
lightest experimentally feasible two-proton pickup reaction, (6Li,8B)
is best suited to studies of lp-shell targets and these targets provide
a convenient means of determining the reaction mechanism. We have

2
also obtained data from two heavier targetsewZQMg and 6Mg=«to
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facilitate cross-comparisons with this particular reaction,

The usefulness of these various reactions is measured by the
combinaticn of experimental difficulty, the presence of bound excited
states, spectroscopic selectivity, and relative yield. As mentioned,
particle identification based upon counter telescopes is particularly
suitable for the (5Li,8B) reaction since both '8 and °B are particle
unstable., A reguirement that the outgoing particle not have any bound
excited states wouvld eliminate several possible reactions, as can be
seen from Table TV-10 which also lists the spectroscopic amplitudes
(Co 70) and two-proton separation energies. While the (lSO,ZONe)
bas a relatively high yield, its spectra are complicated by the large
transiticn strength of the bound.}i+ and 4% "shadow peaks" (Si 72, Ch 73,
Ke 76). ¥xperimental results are available for the 26Mg(llB,BN)MNe
reaction (8c 74a). Comparing data from the (6Li,8B) and (1lB,l3N)
reacticng on the EGMQ target.:

* both reactions have similar spectroscopic selectivity,

¢ the (llﬁ,lEN) reaction has a (c.m.) yield about three times

higher than the (6Lig88) reaction (however, the (118,13N).
reaction data were collected at the grazing angle).
The higher relative yield of the (llB,l3N) reaction might be expected
from the larger spsctroscopic anplitude, more positive Q-value, and
greater proton pair binding energy in the ocutgoing particle for the
(118,13N) reaction (see Table IV-10). Similarly, either the (lOB,lZN)
or the (12C,l40) reactions might have a higher yield than the (6Li,8B)

reaction, while still lacking any shadow peak ambiguity.
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Table IV-10. Comparison among some of the possible two-proton
pickup reactions.

Two-Proton Strengths**
Bound Excited Separation

Reaction Jj Jg States ‘Energy* (MeV) SMAG DMAG
(é1i,8p) R No -~ 5,744 0 0.032
e, Yoy 3727 3727 Yes ~15,277 0 0.747
(1%, 3t 1t Mo ~ 9,287 0 1.354
e, Byy 327 12 No ~17.901 0 2.061
e, o) o of No - 6.570 0.597 0
B3¢, o) 127 1727 Yes - <14.843 1.002 0
(M4c,160) o  oF Yes ~22,335
(180,10ye) o  0f Yes ~20.838

*Calculated as Bf - Ai - AZp’

#**The notation and values are from Co 70, except for (6Li,8B) which
is fram Ku 75.
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F. Comparisons With Semi-Classical Reaction Theory

We have already seen that the (61..3;,85) reaction strongly populates
only those levels with a significant predicted two-nucleon gpectro-
scopic amplitude and that these transition strengths reasonably reflect
gross differences in the predicted relative yields. However, several
transition strengths appear to be significantly different fram their
predicted relative Vielri In particular, some configurations with
::z:at:hetex: large predicted transition strengths seem to be fragmented among
several states. (0f course, this splitting would be most olwious if
the confiquration possessed a particulacly lavge transition strength.)
Several configurations that nad rather small predicted transition |
strengths were noticably populated, probabiy indicating the effect
of configuraticon mixing in the target ground state wave function,

As previously mentionad, the i;‘zi’&ﬂﬁ%iti(lfm matyix element can be
described as depanding upon both the spectroscopic amplitude and a
transfer emplitude factor. We have att@m;g_bted to describe this kinematic
dependence by a semi-classical yeaction theory (Br 72, An 74) with
the computer code BIFROB (Hu 78) . This approach involves in part the
description of the target and cutgoing particle (for pickup reactions)
as core plus cluster systens with the spins of the core and the cluster
coupling with their relative internal angular momentum (L) to form
the total angular momentum (J). In Table IV¥-11, we list the observed
relative transition strengths along with the predicted transition strength,
the relative kinematic hindrance, and the total predicted relative
transition strengths for some spin zero targets, These results are

less than impressive, which seems to indicate that this approach has
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Table IV-11. Comparisons between the cbserved and predicted relative transition

strengths.
Ievel Observed Relative Predicted
Final “ded% Kinematic o /ds?
Nuclide Mev  J7  W@o/dGg , @mG® DG  Hindrance /Ay .
105 0 o* 1. 2,75 0 1. 1.
3.3 2* 0.60 0 1.22 0.48 0.21
5.96 2° 0.26 0 4.54 0.35 0.58
}0.36b
7.54 2% 0.10 0.28
9.4 (2% 0.15 0 0.004  0.22 3.2 x 1074
1.8 (0% 0.11 0.004 0 0.18 2.6 x 1074
14c 0 o* 1.0 2,21 0 1. 1.
7.01 2* 0.35 0.34
8.32 2% 0.16}0.61° 12.71 0.29 1.73
10.4 2 0.10 0.23
2% 0 o* 1.0 c 1. 1.
1.27 2 1. 0.68
3.36 4t 0.18 0.34
4.46 2% 0.12 0.27
5.36 2% 0.13 0.25
6.0 0.3
Structure Amplif icationd
Pactor
24ye 0 o* 1. 0.36 1. 1.
1.98 2* 0.22 0.015  0.42 0.018
2t 0.09 0.27 0.068
3.9 4t 0.17 0.03  0.21 0.018}0'086
5.6 (29 0.04 0.003  0.19 0.016
ot 0.01 0.32 0.009
7.5 4% 0.13 0.04 0.12 0.013
8.9 2* 0.05 0.025  0.13 0.009

a From Ref. Co 70.
d Prom Ref. Ro 4.

b Predicted strength is fragmented.

¢ Not available.
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limited utility for this reaction, and accordingly we have not attem@ted
any more complicated spin situations,

It is possible that this semi-classical approach is inappropriate
for this particular situatioh’because of low values of n. Further
it isrlikely that this poor agreement reflects the inappropriateness
of functiconal forms of (value dependence in this particular approach.
This possibility is supported by the Oxford approach of empirically
varying the input parameters to shift the relative probability curves
vs excitation energy to achieve satisfactory agreement (Me 76).
No wvariation of the input parameters was attempted in this work.
This possible deficiency can be generalized to the inadequacy of the

assumed Gaussian functional form of the kinematic matching criteria.
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V. CONCLUSIONS AND SUMMARY

Results fram the first broad survey of a two-proton pickup reaction
have been presented in Section IV. This study was undertaken to determine
the utility of the (6Li,88) reaction as a spectroscopic probe of neutron-
excess nuclei. A systematic feature of these data is that the (6Li,88)
reaction populates strongly only states for which a significant two-
nucleon cfp is predicted. 'The spectroscopic selectivity of the (6Li,8B)
reaction on T, = 0 targets resembles that of the analogous (p,t) reaction.
The observed selectivity in the population of states in the final nuclei
demonstrates that the (6Li,8B) reaction proceeds primarily through
a direct, single-step pickup of two protons. Moreover, these data
indicate that the predocminant configuration of the two-proton cluster
is a relétive 1 state. No evidence was seen for the transfer of the
proton pair coupled to a spatially anti-symmetric configuration.

By establishing an understanding of the observed spectroscopic
selectivity with T, = 0 targets, it has been possible to employ this
reaction on T, > 0 targets to 1ocatezloleying lp-shell levels in
relatively inaccessible T, = 3/2 nuclei, such as llBe, 9Li, and 'He.
However, no evidence was seen for any narrow excited states in e,

Also, no indication was observed for a strong final--state interaction
in SH, although the known t + n interaction corresponding to the 4y
ground state was readily apparent. Two previocusly unreported levels
(at 7.47 + 0.05 MeV and 8.86 + 0.07 MeV) were identified in the

T, = 2 nuclide 24e.

The measured angular distributions were all rather featureless
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and decrease monotonically with increasing angle. This feature can
be explained by a semimclassical approach to the reaction kiﬁ@matics
in terms of the localization of the incoming wave packet at a relatively
large interaction radius without strong focusing into a particular
Coulomb trajectory, Similarly, simple DWBA calculations indicate that
the angular distributions should not be very oscillatory, although
these calculations o not describs very well the envelope of the observed
distributions. Both the semi-classical reaction theory and the DWBA
calculations indicate that the kinematic term in the transition matrix
should be only slightly dependent upon the transferred angular momentum,
Howéver, while the chserved relative transition yields agree qualitatively
with the spectroscopic predictions of Cohen and Rurath (Co 70), good
quantitative agreement was not cbtained. This could indicate the
ingporopr iateness in the present situation of either the semi-classical
reaction theory or its approximation for the functional form of the
O=~value dependence.

The (ﬁLiygﬁ) two--proton pickup reaction has been demonstrated
10 be well suited to counter-telescope technigues and most appropriate
on light targets. However, due to the higher yield one might expect
that future studies of two-proton pickup on heavier targets will employ |
other techniques, such as the (llB,laN) reacticn. Now that this work
has demonstrated the broad utility of two-proton pickup reactions,
one might also expect further two-nucleon transfer studies to focus on
wwo-proton transfer reactions. For example, two-proton pickup reactions
can be employed in investigations of neutron-excess systems for mass

measurement studies with neutron-excess targets such as 36S and 7OZn



-104-

as well as spectroscopic studies of the levels of T, = 2 nuclides by
reactions on T, = 1 targets. Finally, spectroscopic studies on heavier
targets might permit investigation of proton pairing-vibration states

by studying a series of targets such as 48Ca, SOTi, 52Cr, and Sdpe
or 140Ce, 142Nd, and 144Sm°
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APPENDIX A, UNBOUND FINAL SYSTEMS

An additional element of complexity occcurs in reactions of the

type
142 +34+44+,,.4+n

(where 1 is the beam, 2 is the target, 3 is the detected particle,
and 4 through n are unobserved)., While these reactions obey the same
laws of‘conservation of. energyy'linear m@mentum,‘and angular momentum
as do two-body reactions, the multi-body nature of the final state
means that measurement of the angle and energy of particle 3 no longer
completely specifies the reaction kinematics., In an ordinary two-body
final system, the energy and laboratory angle, 6, of cne of the particles
uniquely determines the energy and angle of the unobserved particle.
For multi»body final systems, the additional complexity .is that the
center-of-mass energy of the final system is distributed among three
or more nuclides, and for any detected energy and angle of one particle,
the unobserved nuclei can experience a range of relative energies.

The consequences of this added freedom in the residual system
can be explored by writing the differential cross section of the observed

particle as

2y
do 8’ "1 " 2 (Al)
ae an T2k, ey 20 17 0 (25.0,)

where Wy is the reduced wass of the initial system, ky is the relative
moncntun between the target (2) and the projectile (1), |M(E3,Q3)|2
is the matrix elewment determining the interaction, and pKE3,Q3) is

the phase space or density of final states (see Go 71 and references
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thérein for a more detailed discussion). One might expect that effects
due to the multi-body nature of the final state could arise through either
the phase spece factor or the matrix element. We will discuss each in
turn below. |
1. Phase Space

One can see from HEg. (Al) that the cross section is proport;onal to
the density of final states. The division of the available energy between
the unobserved particles can be considered (in a simple picturé) to depend
not on the residual nmuclei, but on the number of ways in which this
division can be accomplished, (Of course, a strong interaction among
these nuclei can cause an enhancement of the yield above this sinple
statistical distributicon through the matrix element; such as enhancement
could indicate the existence of a state at this relative energy (see
Section 2 below).)

ror a system such as the 3n final state, there are very few
orientations allowed which provide low relative energy among all three
neutrons, while still conserving linear and angular momentum with the
observed particle. ‘On the other hand, there are many ways of distribu-
ting 10 MeV excitation amcng these three neutrons. BARccordingly, one
would expect the vield at 10 MeV excitation to be greatly enhanced
over that at 0 MeV. ¥From this simple argument, one can de:ive an
expression for this relative enhancement by counting the mumber of
values of the-linear seaRentum permitted the observed particle while
integrating over the coordinates of the unobserved nuclei within the

limits of the conservation laws (see Ha 69 and Go 71 for some simple

examples of this derivation). This result is generally familiar from
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R-decay, where the shape of the detected electron spectrum is simply
that of three-body phase space.

In the case of non-relativistic particles, the phase space
distribution in an n-particle final state can be solved in general.

In the center-of-mass frame

where

)°E

=0 + +
E Q (M2/Ml M2 1

is the energy available in the center of mass frame; (E3)c.m. is the
center-of-mass energy of the detected final particle; and M, is the
total mass of all the particles in the final system (Ba 73). To convert
this quantity from the center-of-mass to the laboratory frame of reference,
one uses simply the inverse of the Jacobian.

At some excitation, most systems become unbound to several decay
channels. For example, °H is unbound to (d + 3n) at 6.3 MeV above
its threshold for breakup into (t + 2n), while at 8.5 MeV, it becames
unbound to (p + 4n). The ratio of the appropriate phase space dis-
tributicns with more than one channei open will be equal to the ratio
of the decay widths. For the systemé that we have investigated
(i.e., %, 5u, and THe), the ratio of these decay channels as a function
of energy is unknown. One would expect that the opening of additional

breakup modes will reduce the normalization of the previcus phase space
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distribution, on the assumption that/the cross section is either a
constant or smoothly varying function of the excitation energy.
Because of these complexities, we have not attempted phase space fits
that are a composité of several of these distributions, but have only
fit the less ambiguous portionslcf the spectra. Such a fit is achieved
by an arbitrary normalization of the expected shape-to the experimental
spectrum., Even with fixed proportions of the various distributions,
it WOuld be difficult to perform composite fitting with much confidence,
since in a situaticn of several breakup modes, the regions near the |
various thresholds may be distorted by the additional final state
interactions.

Deviations from these phase space distributions can arise from
elther a final state interaction, or from the reaction mechanism. As
an example, the reacticon could have a knock-ocut mechanism.

2. Final State Interactions

An enhancement of the yield above phase space is often called
a final state interaction. Any state will-cause such an enhancement,
but not all of these final state interactions correspond to states
in the system to interest or to only one particular level., (A resonance
will also cause an enhancement, but then is typically described as
a resonant interaction rather than a final state interaction.) For
example, if one were studying the 7Li(sLi,BB)SH reaction and saw an
enhancement above phase space, then this effect, if it were not én
artifact of the reaction mechanism, would be a final state interaction.
However, this additional yield could arise from the matrix element

corresponding to the ¢ + n + n interactions (SH), or to then+ n
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interaction (corresponding to 2n), or to the ﬁ +n interactions

(4H), or it might be a combination of all of these systems. Similarly,
at the higher breakup thresholds, enhancements might arise from d + n
or p + n interactions, respectively. Also in 4 there is known final
Staté interaction between the t + n; but it is felt to correspond to,
not only the ground state of 4H, but also to the three other low-lying
levels (since all these states are quite broad).

There are two ways of removing this ambiguity. Interactions in the
mass 2, or 4, or 5 systems all have characteristic kinematic shifts so
that by collecting data at several angles one should be able to decide
which interaction is present. Alternatively, if one employs a coincidence
experiment, in which all but one of the final particles is observed, then
one would note on correlation plots that the enhancement corresponds to

particular relative energies between some group or groups of particles.
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APPENDIX B. REACTION DYNAMICS

1. Definitions and Relationships of Some of the
Kinematic Parameters

We will employ the following subscript convention
T™I,0) F
where T is target, I is the incident beam, O is the outgoing particle,

and F is the final system. Then for these calculations

Eoom, = Mp ° Eyap/ (M7 + My (B.1)

ky = e 0o (8.2)

ki = 1/kq (B.3)
nI = ZI ° ZT 3 kI o eZ/ZEC.m° (8,4)
Vo= kot h/m (B.5)
Rine = 1.65 (A3 + a,l/3) (B.6)
6,/20 = sin™L(1/(Rype * Xp)/Tp) 1) (B.7)
Ly (8.) = nIcot(GC/z)' (B.8)
L(0°) = ky*Rype | (B.9)

Mbin(8c) = (2/n7) ° sin(ey/2) (B.10)
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Qeef = O = ((ZoZe Zyop) ° €) /R (8.11)
Qopt = (Zo2f - 212q) ° Eg q /212y (B.12)

In Brink's formalism

Ko = m * V/h (B.13)
where: m = transferred mass
V = the relative velocity.

2. Tables of Kinematic Parameters for the (6Li,8B) reaction at
80.0 MeV on Some Representative Targets
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