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TWO-PROTON PICKUP STUDIES WITH THE (BLi,®B) REACTION
Robert Benjamin Weisermiller
Nuclear Science Division |
University of California

Lawrence Berkeley Laboratory
r Berkeley, California 94720

ABSTRACT
 The (6Li,8B) reaction has been investigated on targets of 26Mg, 24Mg,

16p, 13¢, 12¢, 1, 10p, and 9ge at a bombarding energy of 80.0 MeV, and
on targets of 150, lzc, QBe, 71’..1, and OLi at a bombarding energy of
93.3 MeV. Only levels oonsisteﬁt with a direct, single-step two-proton
pickup reaction mechanisms were observed to be strongly populated. On
T, = 0 targets, the spectroscopic selectivity of this reaction resembles
that of the analogous (p,t) reaction. Additicnally, these data demonstrate
the dominance of ;patially symmetr ic transfer of the two protons. On
T, > 0 targets the (6Li,8B) reaction was employed to locate two previdusly
unrepcrted levels (at 7.47 + 0.05 MeV and 8.86 + 0.07 MeV) in the
T, = 2 nuclide 2%e and to establish the low-lying lp-shell states in
the T, = 3/2 nuclei llBe, 9Li, and ’He. However, no evidence was seen
for any narrow levels in the T, = 3/2 nuclide 5H 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 consequence 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
simple 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 o
coefficients of fractional parentage of Cohen and Kurath, probably due to {

Y

the limitations of the semi-classical reaction theory.
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I. INTRODUCTION

A major part of the focus of nuclear physics has been the attempt to

- explain adequately the interaction between nucleons. This nuclear

interaction can be usefully described by a central potential with an

additional "residual interaction" to describe detailed behavior. The

dominant component of the residual interaction in light nuclei with an

exoess‘of protons or neutrons is pairing correlations (Ri 68) which can be
investigated by two—nucleop transfer reactions. Such reactions have been
a particularly fruitful field for nuclear spectroscopic studies (See Gl 75
and An 72 for examples). i.ight»iorm two-nucleon tra_ns'fer reactions have
been used to study all types of two-particle and, also, two-hole states
exoept for 'two—proton-hole levels. A two—-proton pickup reaction would

cxiﬁplement the existing two—protén stripping reaction studies, since

- pickup reactions preferentially populate levels below the Fermi sea, while

stripping reactions populate those above it.

The (b1i,8B) reaction would seem to be the optimum two-proton pickup
reaction for studies in the lp-shell. No lighter reaction pair is of
gengral utility (due to the limitations of neutron beams fbor‘ the ('n,3He)
reactiqn ard the difficulties of détecting particle-unstable nuclides in
reactions such as (a,GBe)). 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 ®"shadow peak" ambiguities (this would be the case for
the (%Be,llc), (12c,1%0), ana (180,20Ne) reactions, but mot for the

(llB,BN) reaction), and would present more of a challenge to detector

telescopes for adequate particle identification (see Section II for a more
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compiete discussion of particle identification and other exper imental
considerations). The (5Li,83) two—pi‘oton pickup reaction is well-suited
to counter telescope exper iménts since both 715 and 9B are particle un-
stable, which allows a clean separation of the 8B events fram other
isotopés. The difficulties with these other reactions is evidenced
the few other published examples of two-proton pickup (Si 72, Ch 73, Sc 74a,
and Je 74). | | o
This work constitutes the first study of all lp-shell targets readily

available in solid form.‘ This region is particulafly sﬁited for an
initial suryeﬁr, since it has been invéstigatéd 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 qonvenient base for establishing the reaction
mechanism. Of particular interest was the degree of anti-symmetric pair
transfer (xu= 72 and 1k 70). The. two-particle cfp for 88 + 6Li + 2p (Ku 75)
indicate that there is a larger amplitude for the proton pair to be in
a spatially anti-symmetric (3P) state than in a symmetric (lD) state
- relative to the 6Li core (see Section III). The simplest cluster transfer
wechanism corresponds .to an internal 1s state (as in the (p,t) réacticn)

for the transferred lnucleons, which for the (6Li,8B) reaction can only
| arise from the 1p component, If anti-symmetric transfer is importaﬁt,
then the expected symmetry between the (6Li,8B) reaction and the analogous
(p,t) reaction on T, = (N-2) /2 =0 tafgets might be distorted. | |
While most of the two-proton—hole statés in the 1lp-shell can be populated
by both types of transfer symmetries, there are a feiv known levels
which would be fed pre_daninantlir by spatially anti-symmetric transfer,
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and two examples of this will be discussed with the experimental results
in Section IV. ,

From this comparison of the experimenta_l data from the (GLi,sB)
reaction on T, = 0 targets to both the two nucleéh cfp's and the earlier
(p,t) result:é, it is possible to demonstrate that this reaction has
the anticipated ’speétrosoopié selectivity. This selectivity in the

population of states in the final nuclei was then éxploited on neutron-

excess targets to indicate the location of low-lying lp-shell states

in the T, = 3/2 nuclei 7He, 9Li, and 1Be., This series of nuclei is
near the edge of pérticle bstab.ility, so that these levels present informa-
tion on the two-body interactioh in a relatively unexplored region.
Also, this reaction was employed for further study of 4 and 5H; since
many ambiguities remain in the current description of these nuclides

(Fi 73 and Aj 74), any new experimental approach towards elucidating
more of their chéracter is of interest. Finally, data will be presented
for 22§e and the T, = 2 nuclide 24Ne, These data on 25-1d—shell nuclei

illustrate the possible extension of this work to heavier nuclei.



II. EXPERIMENTAL DETAJIIS - _

While two-nucleon transfer reactions have. been thoroughly
investigated, this éao;:k involved an extension of many aspects of the
experimental techniques employed in these earlier studies. These L
differences occurred in the production of a lithium beam (Section A),
detection and identification of 8B particles (Section C), and achieving
adequate background reduction in thése modest yield reac_:tiohs- (which was
accomplished in part through electronic requirements——Section C—and -
partially by more detailed data analysis based upon multi-pérameter
récérding of each event—-Section D). Many of these differences resilted
from the heavy~-ion character of both 6Li and 8B. The yields placed these
'particular reaction studies as intermediate between more conventional
spéétroscopic studies and mass tﬁeasurement‘work on relatively inaccessible
nuclei, so that the exper imental techniques resemble more closely those
employed in the mass measurement svtudies, while the information and
interest resemble those of conventicnal spectroscopic ;tudies.

A. Ion Source, Cyclotron, Beam Transport, and Experimental Area

These exper iments were conductéd with the vari;ble-energy, sector-
focused Lawrence Berkeley Laboratory 88-inch cyclotron, which provided
the required 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 cyclotran can produée
a maximm energy of 140 Q2/a Mev for heavy-ions of charge state Q and
mass A. For Li*? jons this corresponds to 93.3 MeV, which was

employed for the studies of the ®Li 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 Li*2 beam. .

As there is no suitable gaseous lithium compound, lithium ions
havé not generally been accelerated in cyclotrons, so that the develop-
ment of an appropriate lithium vapor source was requii:ed 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 (see Fig. II-1). The
lower source cathode consisted of a mixture of isotopically-separated
6piF (40%) and tantalum powered (60%)_ , which was fused at high pressure.
In addition, a tantalum sleeve, coated with fused 6LiF was placed inside
the anode chamber. A carrier gas (typically 14N2) was employed to
strike ard maintain the source arc. This arc eroded the cathodes and
heated the sleeves, thus vaporizing the 1ithium. |

This beam was accelerated by the cyclotron operating on the first
harmonic at a frequency of 8.5 MHz, so that successive beam pulses .
(5-ns wide) were separated by about 120 ns. The cyclotron, beam
transport systems, and the experimental area are shown in Fig. II-2.

A beam enerqy analysis of dE/E ~ 0.14% was obtained by bending the
beam with a switching magnet through an angle of 39.5° onto a 1.5 mm
wide analyzing slit. Absolute beam energies were measured with a high
precisicon analyzing magnet (Hi 69) with a dE/E = 0.02%, which was
caiibrated for absolute enefgies by scattering molecular hydrogen ion
beams on 12C: and observing the T = 3/2 resonance in 13N at 14.232 Mev
(Ba 71). (This system is located in an adjacent exper imental érea

and is not shown in Fig. II-2.) Typical beam spots of 1.5 x 2.0 mm®

‘were obtained on target in the 0.5-m scattering chamber.
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Withiﬁ this chamber detectors were mounted about 15 am 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 telesqcpe, and a 600 géuss permaneﬁt magnet
was placed in front of the collimators to deflect low energy electrons
' pfoduoéd. in_ the> target. In some of the experiments the, detectors were
cooled by a thermoelectr ic cooler to -20°C to reduce thermal noise
and leakage curient. The scattefiné chamber pressure was typically
4 x 1072 Torr; carbon buildup was reduced by employing a series of
liquid‘nit'rogen cooled traps. |

| B. Targets

' Self-supporting isotopically enr‘iched targets were used in these
experiments (see Table II-1 for further details). Target thicknesses
were determined fram the energy loss of alpha-particles fram 212p,
and 212gi, 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 targét contaminants. The
amounts of contaminants (typically carbon and oxygen) were determined
by comparison of either their reéction or elastic yield relative to
weighable samples. |

C. Detectors and Electronics

Each 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
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Table II-1. Target information and detector gécmetry.

Targets o Detector Collimation
Isotopic Purity = Thickness °~  Anqgular Solid Angle
(%) Acceptance (msr)
(mg/cm?) (degrees)
6L 9.3 0.40 0.6 0.27
| 0.6 0.27
TLi 99.99 0 0.33 Same as for ®Li
9Be 100.0 10.13 0.6 0.31
| | | 0.6 0.19
l0}3 96.0 0.14 Same as for 2e
g 98.0 0.21 Same as for ®Li
12¢ 98.89 0.22 0.7 0.43
0.8 0.45
13 90.0 - 0.14 Same as for IBe
16 99.8 0.12 Same as for SLi
‘ (160 thickness)
24mg 99.7 0.15 1.0 0.65
| 1.0 0.38
) 99.4 0.45 same as for 24Mg
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these two telscopes were 200-um phorphqrﬁs—diffuséd counters. Finally,
a 1-mm thick lithium-drifted detector was employed to reject those
events which did not stop in the E-counter. |

Signals fram these detectors fed lcharge—s_ensiti\-re pre-amplifiers
(PA)' (see Fig. II1-3). The PA signals were then delay-line shaped
(400 ns) into bipolarrsignals in the linear amplifiers. This form '
of shaping gives fast baseline recovery and a nérrow pulse width
(-1 us) , which pfodhced 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 Mse pair resolving tlme of 50-ns and an
inspection time of 1-us, Events‘ wére further limited to the particles
of interest 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,

sigrials were stretched only if theke. 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 l-ps. In this particle identification unit, the energy signals
from all three counters were added-to prod@ce the total energy signal
(Et':otal)’ for each event. |

The resoluticn‘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 thicknesé, and the

finite angular accéptanoe of the collimators. All these effects can

&
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be éonsidered to add in quadrature, although some have rectangular
distributions (Mo 66, Ma7l); typically, the daminant contributions
were from the last two effects. The resolution in these experﬁnents
‘was usually 200-300 kev. |

The particle identifier was a Goulding-Landis three-counter,
double identification system (sée 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 = AP | | (11-1)

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 beéinning of each ekperiment for

the particles of interest. If a charged particle passés t.hrough 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 .
T/A = (E + AE)P - BP = (Bpopn))® - B (I1-2)

and this T/A is an energy independent particle identificétion (PI)
signal (see Go 64). |

The resolution of this signal is obviously directed proportional
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
poo}:er identification with 20-um detectors than 200-um ones as
‘transmissim detéctors. 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 MZZ/_E, these rather low energy 8 particles (in the region from

40 to 70 MeV) have a range of at most 300-um in silicon, so that rather
thin transmission detectoré (35 and 25 um thick) were employed. Thus,
for detected heavy-ians, the particle identifier gives particle spacings
smaller than for lighter partiéles and the thinner tranénission 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 misideﬁtificatim occurs in either counter Gue to non-statistical
fluctuations in the rate of energy loss (for example, caused by channel-
ing, blocking, or anomalously high energy loss due to the Landau
process), then the ratio of these particle determinations will be
anomalous. The particle identification unit generated a particle
identification signal (fram the summed energy losses in the transmission
detectors) by an analog circuit employing a logarithmic element and
also a ratio signal of the two independent identifications (since each
PI signal = T/A (Bg. II-2) and thus, PI;/PI, = Ty/T,, this ratio
correspards 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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alldws a better evaluation of the data during the experiment, but suffers
fram irreversibility), or off-line. With on-line gating the percentage
of events rejected was carefully monitored, since slight gaiﬁ 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 have examined the effects of this selection process as a function

of enérgy, because of the intefest in this work in both angular distri-
butions and cross sections as a funétion of excitation energy. Along
with the anomalous identifications due to non-statistical fluctuations,
thete is a general energy dependence in the particle identification
signal. We have determined that the majority of the rejected events
were in the low energy portion of the spectrum (E(8B) < 40 Mev). This
can be investigated on-line by using the E SCA to vary the energy region
of events entering the particle identifier, or by off-line gating of
the ratio signal. Fram these investigations we have determined that
if a 83 event loses more than 15 MeV in the E counter (equivalent to
about 45 MeV total energy for the typical .transmission counters employed),
its particle identification signal is reasonably energy independent.
This is in agreement with theoretical range-energy calculations of
the PI signal employing the computer code LZY (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 88's fram other boron isotopes

was readily achieved.
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Fig. II-5. A particle identification spectrum resulting

fram bombarding a 9Be target with an 80 MeV 6Li beam.
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D. Data Acquisition and Analysis

For each event, four parameters (either AE2, AEl, Eto£a1' and
the PI signal generated from the summed energy losses in the AE's;
or the ratio of the PI signals, E, E¢,r.y, and PI. .1 signals) were
sent via a multiplexer and an analog-to-digital converter to an on-
line PDP-5 computer. The energy spectra were displayed during the
ekper iment on a CRT and the events were writt_en on magnetic tape fo;
subsequent analysis. In this off-line analysis on an SCC-660 computer,
the multi-parameter sorting and 'g.ating 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 DERTAG (Ma 71), which éarp..xted the peak centroids, integrals,
and widths. These quantities were then used in the program LORNA
(Ma 71) on a CDC—?GOO, which calculates a least-squares fit to the
known energy calibat_:icn points and assigns excitation »energiev's to other
levels, - |

Definite assignments of peaks to a particular reaction were made
oniy if they were seen at several angles with the appropriate kinematic
shift, Early investigations were inade of carbon and oxygen targets,
so that spectra from the basic ta.fget contaminants were well-understood.
As an aid in the analysis, all the data on each target were kinematic-
ally shiff:ed to one angle and summed by the program SUMSHIFT on the’
S0C-660. Also, the data for unbound light systems (e.g., %H, SH) were
compressed by a factor of 4 (fram ~100 keV to ~400 keV) to improve
the statistical analysis of broad levels (see Apperndix A for a des-

v ci:iption of same considerations in the analysis of unbound systems) .
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Finally, the méasured angular distributions will be presented with
ohly 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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III. THEORETICAL CONSIDERATIONS

While, in general, these studies represent an extension of earlier
two—nuéleon transfer investigations to include two-proton pickup, the
heavy-ion nature of the incoming and outgoing particles édds a distinct
character to these studies. Much of this difference -arises due to
the.possib.ility 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 15 relative state, the predaminance of which is
expected from the fundamental nature of the pairing interaction.
While the transferred pair is an internal 15 cluster, its total wave
function is lD with respect to the 6Li core; the extended naiture of
this state means that finite—iange- effects will be important in
describing the reaction kinematics. These finite—range effects,
along with the large number of pértial waves (and the angular
momentum mismatch) of the incaming and outgoing particles, cause the
reaction to exhibit characteristic heavy-ion reaction features, which
suggest 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 numerous general articles
discussing spectroscopic studies with these reactions (for example,

Gl 63, G1 65, G1 75, To 69, An 72, and Br 73).
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The transition matrix element of a nuclear 'reaction can be
described in terms of a nuclear structure oompbnent and a transfer
amplitude, the product ofvwhich is summed and averaged ower tﬁe
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"
systerﬁ in both the target and in the outgoing 8B.)

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), wh}ere' this coefficient, in the case
of pickup, describes the target ground state wave function in terms
of states of the final nucleus coupléd to two nucleon states with
appropriate values of relative angular mamentum between the "cluster"
and the “core". | |

For a single-step direct reactioh, these spectrosoopié 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 fram the angular
momentum coupling (Gl 63). (For example, the spatial correlation of
two identical nucleons with angular mamentum 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 tQan tilted with respect to each other.)
However, the transition strength wiil be largest when the transferred
pair retains the same relative state; which would select essentially
only the 15 clusters in the target for pickdp into a triton in the
(p,t).reaction, but could allow other cluster configgrétions to match
the 8B ground state wave function in the (6Li,8B) reaction..

Although light-ion two-nucleon transfer feagtions often have a
possible small component of lD as well as 1s cluster transfer (e.qg.,
the expansion of the triton grouna state wave function has a 1D ccnponent}
which offers this pbssibility to the (p,t) reaction), the 15 state
dominates these reactions (Br 71). In heavy-ion reactions the more
cdmplicated structure of the projectile-outgoing particle-pair could
result in transfer of “"clusters" not only in the relative 15 state,
but also with Ip or 3p configuratiéns, if thé structure of the other
system contains these relativé cgnfigurations. This will be discussed
in greater detail in Section III-B. Similarly, the trénsition strengths
Qill 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).
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B. Structural Features

It is clear that the transition strength is dependent upon the
structure of both the target and 8, A heavy-ion aspect of the (6Li,8B)
reaction is the more complicated structure of the projectile-outgoing
particle pair than for the light-ion reac'tions. One of the more
interesting features of this reaction is that it provides a means of
investigat.irlg anti-symmetric pair {:ransfer. This type .of' transfer
prc;cess has been the subject of same 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 (IS) configuration rather than
a 1p state. ﬁd.vever, it would be useful to learn whether this arises
because of the limited structural possibilities of the light-ion
reéctions, or because of the more prevalAent nature of the 1S 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 (bLi,®B) reaction is a good probe for determining the
importance of the spatially anti-symmetric (3p) c»onf.iguratim in the
transfer prooéss, since 8B has a higher percentage of a 3p pair relative
the OLi cor.e than a 1D cluster. (See Table III-1 for the magnitude
of these symmetric and anti-symmetric transfer terms for same heavy-
ion two-nucleon pickup reactions—the SMAG, PMAG, etc., notation
will be discussed beloa:) This can be seen fram the ground state
configurations and spins of ®Li and 8B (see Table ITI-2). The dominant

ground state configurations (25*lL) can be connected only by
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Table III-1. Spectroscopic factors for lp-shell heavy-ion two- -
nucleon transfer reactions.

Symmetric Anti-Symmetric
Reaction SMAG DMAG PMAGO PMAG'l PMAG 2
(61,88 or BLi) 0 0.032 0 0.141  0.494
OBe, 1c or 11Be) o 0.747 0 0.888  0.720
(1%,12% or 28y o  1.354 o0 0 0.039
(11g,13y) 0 2.061 O 1.806  0.472
(Hg,13p) 0.637 0.043 0.101 0  0.004
t2c, Yo or 14y 0597 o . - 0.101 0O 0
B, Doy 1.002 0 0.300 O 0
(198,81 or 8B) 0 0.732 0 0.295  1.428
(Ms,%L4)  0.667 1.443 0.022 . 0.143 1,984
(*%c,1%e or %) - 2.747 0o - 0.032 0 0
(Bc,Mpe) 1.959 0 0.090  0.001 O
(14c,12p¢) 1.784 0  0.111 O 0
(B, e 0 2,061 0 1.806  0.472.
e, 1% 0.597 0 0.100 0 0

(1,128 or 12v)  0.033 2.415 0.008  0.388 . 0.361
(15y,13g) 0 3.737 0 2.755  0.955
Ly, By 1.002 0 0.300 0 0

(160,%4c or 14y) 2.212 0 0.788 0 0
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Table ITI-2. 2 * 1L components of the ground state wave functions
of Li and 8B (from Ba 66).

®Li ‘g.s.51* 0.992 35 - 0.028 3 + 0.120 1p

88 g.s.;2% 0.922 3p - 0.242 3p + 0.060 F + 0.241 13 - 0.148 3p
| - 0.032 3p + 0.084 P

(Note that in 8B 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 ®2p = 8B) 35 ®3P = 3P;' since for the L-values, only 3 + I = 1,
and two identical fermions must heve S=1 for odd L. and T=1. Symmetric
transfer must arise through other than the dominant configurations,
such as in 33 ® D = 3p. One can see that symmetric transfer can
only occur by a 1p ooﬁfiguraticn {relative to the 6Li core) since
1®6 (sp 7 2.

These conf1gurat1ms relative to the core can be decamposed by
the Talm1 brackets, that have been tabulated by Brody and Moshmsky
_(Br 60), into the internal relative angular mc_:nentum A and the center-
of-mass angular momentum A of the pair relative to the core, where

-> -> . :
L=2X+1% | (I1I-1)

The 3p configuration (L = 1) can be decomposed into only A = A = 1.

The 1p configuration (L = 2) can be transformed with equal amplitude
(V2/2) into either A = 0, A = 2, or A = 2, A = 0. (Since the Talmi
‘transfromation braekets are for harnmic oscillator wave functions,

they are expressed only in terms of L.) For the anti-symmetric camponent,
since S = 1, the L = 1 term caﬂ/qbrrespcnd toJ =0, 1, or 2, while

for symetric transfer each L corrésponds to a unique J.

As previously mentioned, for a test of the strength of transitions
through the anti-symmetric components one needs not only a reaction
pair with a large camponent of anti—.symnetric transfer, but also a
target that contams a large portlon of anti-symmetric transfer strength
to a particular final state. 'I‘he 2-cfp's for the lp-shell in a jj-basis
have been tabulated by Cohen and Kurath (Co 70) based upon their '
intermediate coupling wave fmxctiais (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 6f Cohen and Kurath by calculating and tabulating the analogous

- quantities for anti-symmetric transfer (with AT=1) for their wave -

funétiohs, which we will denote in a similar fashion as PMAG 0, PMAG 1,
and PVMAG 2 (for L = A =X =1with AT = 0, 1, or 2 respectively).
V'AI"heée values are listed in Table III-1 for various two-nucleon
“transf‘er 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'si. from
the jj-basis into an L°S rep'resentatién, 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 number
of 1p-shell nucleons in the initial nucleus for pickup.reactions and
in the final nucleus for stripping reactioris. 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 ITI-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 odnbinations 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
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Table III-3. The conversions between the jj and L°S répresentat:ions
of the two-nucleon fractional-parentage-coefficients.

01,1 V2 0%t 33) + Y11y
O(SO)— \
V3
02l 1y - 0°t33) + V3 0%ty
(Dz)-.
3
011(3P1) - o' a1
21 21 ,
0?13y = V2 @} (33) - 877 (31)
2 . /3
01 01
o0l 3p ) = 20 (33) + V2 0 (11)

0 /3

The notation employed is the same as in Co 70, and is @JT(llejz)

for the jj-representation and ?JT(ZS"' lLJ) for the L°S representation.
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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 investigateé. This level ordering might be expected
from the sign and size of the pairing interaction, which can be viewed
as spiitting these states. Fortunately, we found two good test cases
(in the 108(6Li,8p) and the 160(6Li,7812.) reactions) which provide a
good-test for the importance of anti-symnet':ric transfer.

~ Another type of test for the impor tance of this reaction process
(and also for multi-step transitions) is to compare the.results of
this reaction with that of the (p,t) feaction on T, = 0 nuclei. For
this type of target, the two r.eactions populate mirror final nuclei,
'so that they are quite analogous (see the mumerous discussions of
isospin, such as Cerny (Ce 68) and references therein, for a justificatioﬁ
of these expectations). If the Syrunetry of the t.fansferred cluster
were different in these two reactions, then a lack of correspondence
might be bbsérvéd. ‘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 ®Li, 108, 1%, 160, and 2%Mg 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 (6Li,BB) reaction populates strongly only levels with “

I
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the same parity as the target ground state, so that data fram this
reaction will suggest the location of negative parity states in 7He,
9L:'L; and Upe. Moreover, the reaction selectivity in the population
of states in the final nuclei will reflect the reaction mechahism,
so that it is possible to differentiate most easily among direct
reactions and more complicated mechanisms by the type of levels
préferentiall_y populated (for example, see Ce 64 and Ma 71).

For siznplicity, this discussion will be limited to lp-shell levels,
thus, the dominant configuration of the ground state of a lp-shell
target of atomic number A may berdescribed as (ls)"*l(lp).’p"4 J;.
1f the (6Li,8B) reaction proceeds by a direct single—steé pickup
mechanism on suéh a target, then only levels with the configuration
(lp)A'6 Jg may be populated (assuming for this discussion that the
ls-orbitals remain inert during the reaction, which aeletes for now
.reéctims on both the 6Li and 7Li targets). Since this reaction involves
the pickup of an even number of nucleons, the parity of the final levels
(Mg = ™, (-1)2"2) must be the same as‘ that of the target ground state.
Similarly, the pickup of two identical lp-shell nucleons can change

- the valuve of J; by at most 2, so j} = 31 + 5 However, in a sequential
transfer the.pari‘ty 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 mamentum
and isospin quantum numbers (fi, 'f"i) and (Ef, '1‘}) respectively, and
also describes the single particle orbitals of the transferred nucleons

by their orbital and total angular mamenta (flr 31) and (Tz, 33);
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then with only the assumption of a direct reaction one can again

derive (see To 69) that

la; - 3¢l < j1»+ 3o ' (III-2a)
For the pickup of two lp-sﬁell protons this relationship is

l3; =3¢l = 2 (111-2b)

If one denotes the orbital angular mamentum, intrinsic angular

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

> > >

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

-+ - -> -> ->
and _

- -> - )

S = Sl + SZ ’ ’ (III“4)
and

- -> - .

T = t1 + t2 o (II1-5)
and

> -+ - -»> - . :

J = Jp+3p = L+S (III-6)
and for the transfer of two protons |

> - ' . :

T=1 (I11-5)

These relationships have one solution for symmetric transfer and
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 (III-7a)
and if L is odd then
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S + T is even (I11I-7b)

Then for symmetric transfer

- > > ' .

f-3=7+1 \ | (111-3)
so either |

X=2 % =0
or

=0, f=2
| and

> - . .

S =0 (I1I-4)
so finally

> > -+ ) :

J=L=2 | . (I11-6)

and for anti-symmetric transfer

> -+ ->

L=1=24+Hh - (I1I-3)
s0

X=h=1
and

> > - ' -

S=1 o : (I1I-4)
' so finally

-> -> > > -> -

J = L+S = A+A+1 . : (I11-6)

-

The necessity of retaining the same cluster configuration in both
systems of core plus cluster requires that
> -> > _ > -> <>
A Jg = J;+J = J;+L+S (I11-8)
and so for symmetric transfer
-> + -> '
Jg = Jj+ 1L -  (III-8)
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The experimental results indicate that only symmetric transfer
occurs, so 3f = 3i + E The allowed L~values are identical to those
of the (p,t) reaction. ‘There are few cases in which more than ox'xe"
L~value will be allowed, and where the spin—orbif interaction would
cause a coherence in the reaction amplitude. 7

| The (6Li,88) reaction data proVide a test of whether the relative

transition strengths simply arise from a "Q-window" effect (which is
unl'ikeiy at these beam energies and values of the Sammerfeld parametér
(see Section D)). The best matching of the irboming and outgoing Coulamb
orbits occur at same optimum Q-value (see Appendix B-1 for the formula
for Qopt) . For this reaction all the 'Q-values are negativev, while the
most favored Q-values would be positi\}e (excépt for targets ﬂvith Z <5).
This ocould lead to transitions with lower Q-values being enhanced. |
As a tést that the relative yields do not simply refléct this kinematic
hindrance, we have employed two cases (10B and 13c, see Section IV)‘
where an excibecﬁ state should be popﬁlated 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 the-transfer amplitude upon the Q-value of the transition (see Sections
D and E), the relative transition strengths do not arise campletely
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 inelastic excitation of states in the initial (or final) nucleus
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before (or after) the tm—protoh pickup. By comparison of the form
factors and a coqpled channel calculation, Sgrenson (Sg 74) has proposed
that these indirect processes are an important component of transitions
to excited states in the 26Mg(lGO,MC)QBSi reaction. These processes
could be indicated by the population of unnatural parity levels,

as the excited étates_ would by pdpulated proportional to their collective
strengths. Although the 2"'Mg.(GLi,BB) 225e reaction is an appropriate
test for this mechanism, since several multi-particle-hole levels in
224e are kaown (Ol 71, En 73) to be very collective, we found no evidence
for thesé transitions. This is in agreement with the lp-shell results
{Am = +, '3f = 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 selectivitﬁ; of the (6Li,83) 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 amp‘litudes..

Rinematic effects upon angular distributions can be seen in two
extrexﬁe limits of the degree of localization of the incaming wave-packet
Sc 73, Sc 74b, Sc 75). A light-ion direct reaction has an extended
projectile, etphasiﬁng the particule's wave nature. This extended
pr_ojéctile, along with the limited L's of the transition, leads to
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a diffractive angular distribution. "Traditional™ heavy-ion reactions
have possessed a localized incaming wave—packet':, emphasizing thé
projectile's particle character. In these heavy-ion reactions the
wavelength of the projgcf.ile is much less than the in}:eraction radius
(Rint) (which is slightly larger than the touching radius of the two
spheres) and R, 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 maximized by the greatest overlap
of the incoming and ogtgoing Coulamb orbits. ('I‘hié matching condition
differs in emphasis fram the conditions of Brink's formulism, which
will be discussed below. In the present approach, the Coulomb orbits
of the incident and outgoing particles are well matched, while in the
discussion below the orbits of the cluster , wWith respect to the core in
the initial and final systems, are matched. 1In general, the r@irments
of these two conditions are different, Qaithough in many cases the conse-
quences are similar.) Interactions ﬁhat occur at a distance closer
than R;., are absorbed into the campound 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 correspanding to the grazing angle (ec) .

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), Rintr the grazing L~values
(roughly k°R;p+) or the mumber of contributing partial waves, and

the Sommerfeld parameter (n). ('I‘hesé kinematic paraméters are defined
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inv Appendix B-1.) A Gaussian distribution arises when the wavelength
is much less than R;,, or equivalently k°R;.. >> l (and accordingly,
there are many contributing partial waves) and when there is a well
defined Coulomb orbit for the incoming and outgoing particles, or
n > 1. |

For high-energy heavy-ion reactions, such as 61.1,8B), on light
targets the angular distributions follow a simple, monotonically
decreasing pattern with increasing angle as shown in Fig. III-1 (see
Bi 67, Na 73, Yo 73, Do 65, Do 66, Gr 70, and An 74). In these cases
k*Rjpe >> 1, but n ~ 1. This distribution shape might be viewed as
arising from the grazing angle beihg at an inaccessibly forward angle
or eqguivalently fram the localized particles again either forming a
coi@ound system below some R;,, Or beyond R, sampling the exponentially
decreasing nuclear tail density, but with no focusing of the projectile
onto a particular Coulomb orbit at Rin£ for a certain 6, because of
the low n. |

The (GLi,gs) reaction exhibits this nmotonica]_-ly decreasing angular
distribution on light targets (see Section IV), as might be expected
from its kinematic parameters (see Appendix B-2 for a listing of the
variables of interest for same reﬁresentative targets studied with
this reéctim) . }For the (6Li,8§3) }:eacticm on lp-shell targets,
K*Ryng ~ 30, N ~ 1, 6 ~5° (com.), 86 ~10° (c.m.), and L ~ 7.
Finally, it should be noted that on the much heavier target 14%ng, =~
where N was quite large, the angular distribution was the expected
bell-shaped peak at the grazing angle (We 75). Accordingly, the angular

distributions of the (6Li,8B) reaction only reflect the kinematic aspects
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XBL769-10511 -

Fig. III-1. Angular distributions for one, two, and three nucleon

(a) Reactions

induced with a 114 MeV 12¢ peam, and (b) reactions induced
(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

with a 100 Mev 10B beam.

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-
soopic information can be obtained fram this reaction only in the
relative transition strengths.

E. .Relative Kinematic Hindrances

To extract spectroscopic structural informaticn frdn the relative
txalixsition strengtrhs, it is necessary to be able to estimate the
aeperﬁence of -the transfer amplitudes upon the J (or L) of the reaction
and the particular Q-values of the transition. In this Section we
will discuss an approach that provides an estimate of ﬁhe relative

hindrance factors of transitions as a function of the properties of

o _','the final states in the residual nucleus.

These hindrance factors are analogous to the transfer amplitudes -
6f the transition matrix element that were discussed in Section A.
In light-ion two-nucleon transfer reactions the transfer amplitudes
are calculated by Distorted Wa;\ze Born Approximation (DWBA) computer
codes, such as DWUCK (Ku 74a). ‘We will not employ this approach because
the degree of momentum mismatching calls into question its utility;
moreover, because of the novelty of high-energy lithium beams, the
appropriate optical model parameters are unavailable; and, finally,
the magnitude of the recoil terms (finite range effecté;) in these
systems indicates that a more sophisticated (and costly) DWBA code
such as IOLA (De 73), which includes recoil effects, should be employed.
A brief test of DWUCK confirmed that it did not reproduce the experi-
mentally determined angular distributions, and suggested that the
kinematic term in the transition matrix element is only slightly'

dependent upon the J of the transitions. (These will be described



-38-

as simple calculations since they employed optical model parameters
from 135 Mev SLi scattering on 288i (Go 75) for both the OLi and 8
partiéles in this reaction on 12c, ignored finite range effects,
, treatéd both OLi and 8y as spinless particles,I 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 ko Re (v}here ko is the wavemmber of the transferred cluster
and R, is the target radius) provides a check of the size of recoil
effectﬁs, since this quantity is approximately equal to the phase factors
(which ocontain the recoil effects) in the transition métrix element
of the formalism of Dodd and Greider (Gr 70, Do 65, Do 66). Recoil
effects are negligible if k 'R, is m;h less than 1, but for the
(6Li,8B) reaction on lp-shell -targets\this quantity is about 5.

All of these difficultieslare circumvented by employing a semi-
classical treatment (SCT) of the transfer amplitﬁdes. This approach
has been generally successful for reéctims 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
- ay+cy = (cl+k)+c2+cl+(c2+k) = cy +a,

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

reactions in this formalism cne 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

lPl = ul(rl) Yll)\l(el'(bl)

for lgin aj and

W2 = Uz(rz) le)\z(OZ'd)Z)

for k in ap, where ul(rl) and uz(rz) are radial wavefunctions and
YD\'S are spherical harmonics. For this reaction system, the optimum
kinematic matching occurs when | | |

| 1.  BK = ko= MN/Ry- /Ry . 0 (I11-9)
where ko is again the wavenumber of the transferred cluster, the )\i‘s
are the substates of the cluster's total angular momentum relative
to the cores, and the Ri's' are the radius of the beam and the target.
The above equation requires that the y-component of the mamentum of
the transferred cluster should be almost conserved (see Fig. III-2

for the coordinate system employed).
2. AL = >\2 ")\l+ O.SKO(R]. - Rz) + Qeff R/},V ~ 0

where the expression for Qofs 1S listed in Appendix B-l1. This oquit_ion
requires that the change in the z-camponent of the total angular mamentum
be almost 0, or that the total angular momentum be conserved within

the limitations of the uncertainty principle.

3. 1l +->‘1

L+

even

even
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XBL769-10512

Fig. III-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
reépeét to the cores (for a spinlesé cluster) and Xy and X, are the
magnetic substates of these vectors in thé initial state (11 Xl) and

in the final state (1, A,). This condition requires that the fransferréd
nucleon be near the reaction pléne, or that 91 = 92 = T/2 and ¢=0 in

0 unless 1+) is even. .

the wavefunctions wl and wz, sincé Yy, (7/2,0)

Given Ehese equations, ane can derive an expressién that incorporates
these conditions and calculates relative hindrance factors. The transition
probability from an initial state (llxl) to a final state (12A2) can
be'expressed (An 74) by

POy = Bo®)| ¥y, (/2,0) ¥y 5 (1/2,0)|2 x

o (]

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

(IT1-9).

Oi and O, are roughly T and (YR)l/2 respectively, with Y2 = mk€2/h2,
and € is the average of the binding energies of the clusters in the
initial and final nuclei (but both are typically treated aé adjﬁstable
parameters with 01 = 02 ~ 2.5); R is the touching radius, and P, (R) |
is a function of the radial wavefuncfions and R. This assumes that
the clﬁster k has zero spin, the centers of the nuclei c¢; and ¢,
move along well defined classical paths, and the z-axis is perpendiculér
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 S, and isospin Ty and angular momentum configurations
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(L;J9M;) and (LpJM,) in the initial and final nuclei, the transition
probability is

2J + 1

a
21. 2JC + 1 (2Jl +. 1)(2J2 + 1)
2 I M L,LL T,
IM,
(1) : (2) '
IBSka(JszMZ,JlLlMl)O (LS, T, 3,) © (LS, T, 3,)
: 4 X
(P T T T T
a,’3 | c. T3 T3 )<Ta T, ch Ty TyT, )|
a2 2 c2 k 1 al 1 N k

This expression consists of the spectrcscopic amplitudes (1) for the
decomposition of a > c + k for particular states of k described by
L;S,T,J;, Clebsch-Gordon coefficients (symbolized by (TalT3a | T, ch ',rkT?’k)) ,
for coupling the isospin vectors, and a transfer amplitude factor BSka
for each transition term between states (JlLlMl) and (J2L2M2). This
transfer amplitude factor is relation to expression (III-9) by

Bg 1, oLy dilpMy) = D0 Iy [Lyhysg) (111-11)
o o Alklms

T M| LA SM) POoA)

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

This expression (III-10) is evaluated by the computer code HIPROB
{(Hu 75). The quantity P, (R) in expression (III-9) is calculated 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.



Tabie II1-4. Input perameters for the program HIPRCB. ~

For illustration we will employ the 12C(6Li,eB) 10ge reaction. Since this program is designed for stripping
reactions, this case is calculated as the 6Li(12C.1°Be)BB reaction with an appropriate (c.m.) beam enerqgy.

a1=32=2.5,r0=1.4fm

Core Plus Cluster System Bound State Wave Function (Volume Wood Saxon Potential)
*
L Jcyuster Jeore Jfinal Nodes L J S V, Lo ar Voo Vg
J=0
Initial._ 0 0 0 0 TF .0 0 ¢ -1. 1.25 >0.65 25.0 0
Pimal 2 0 1 2 0 2 2 0 -l.-1.25 0.65 25.0 O
J=2
Initial 2 0 0 2 0 2 2 0 -=1. 1l.25 0.65 25.0 0

Final ’ Same as Above

—
This quantity is not a direct input parameter,

-EV-
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It is possible to qualitatitively evaluate conditions 1 and 2 for

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

&K = ko= ARy - ARy ~ 0 - (1)
for this (bLi,8B) reaction on 1p-shell target can be reduced to

koR1 = 21 =25~ 0
since Ry ~ Ry. Typically, ‘the equivalent stripping reaction for 6Li
on lp-shell targets has a koR1 ~ 5, so we have

5-2=2,~0 - (1)

Similarly,_ expression (2),-
BL = Ay-hq + 0.5Kg(Ry = Ry) + Quee RV ~ 0 (2)

can be reduced to
)\2 - 1 -5~0

Botﬁh‘expressims, if solved simultaneously, are zero fdr Ay = 0 and
>\2 = 5. For allowed values of both \'s, expression (1) is smallest v
if '12 = >‘1 = =2, .and expression (2) is smallest if )‘2 = -Al = 2,'whi¢h
are mutually exclusive. The minimum value of the sum of expressions
(1) and (2) is when A = 0 and A, = 2. The transition strength will
be proportional to the negative exponent of the sum of the squares

of these expressians and other terms will not be very significant.
Since pickup reactions are treated by thei; equivalent stripping reactions,
Ay 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 (ot 1). However, with higher excitation

energy Q.¢¢ increases, so that expression (2) will became mismatched.
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Therefore, there willl be' a gengral“ decrease in relative transition
strengths with increasing ex,éitation. |

This kinematic dependence is in contrast to the stripping reactions
repbrted 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 obséx_cved dominant
transition. Moreover, in these stripping reactions, lower J transitions
were hindered relative to high-spin states. For these pickup reactions
the transition probabilivties' are simply the tail regions of the Gaussian
distributiaﬂs. The slight differences in the transition strength for
the various spin t.ransitions is reprbduced by exact calculations of
expression (III-10) and also by DWUCK calculations.

In summary, we have demonstrated 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 transition stfen_gths within a limited range of excitation
energy are a reasonable measure of the relative spectroscopic factor.
This is useful to note for Section IV, where the energy spectra will
be presented. 'Also, in Section IV, we will pfesent same calculations
of the ‘total transition strength (expression III-10) and campare these
with the observed relative yields. |
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IV. EXPERTMENTAL RESULTS

As discussed in the previous section, the observed relative yields
to levels in the final nuclei of the (6Li,8B) reaétion are roughly
indicative of | the two-proton sp‘ectroscbpic amplitudes of these states. -
The energy spectra, which will be presented in this sectiori, 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. ;n general, the dominant observed transi-
tions are only to levels with a significant predicted two-nucleon
spectroscopic factor. The observedv anguiar 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 reaction were obtained by camparing the observed
exéitation energies to the previously measured ones (tabulated in Aj 74;
Fi 73, En 73, etc). The uncertainties in the measured excitation
energies indicaté primarily the extent of reproducibility in these
observations. Similarly, it should again be noted that the uncertainty‘
indicated in the angular distributions represents only the statistical
. error: the absolute error opuld be as much as 30%. ‘

As a measure of the strength of anti-symmetric transfer we will
employ both the 1t levels in 14c and 8Li and overall compar ison of

the spectroscopic selectivity of the (6Li,sB) and (p,{t') reactions.



‘Table TV-1. Summary of experimental investigations.

Angular Range . : Observed Energy
Q-Valve Beam Pnergy Studied (deg) . Levels
Target (MeV) (MeV) (oc.m,) _ Final Nucleus (MeV)
61 -21.17 93.3 31-46 4y 0.0
i -25.02° 93.3 27-40 Su -
%e  -23.5974 93.3 32-49 Tye 0.0
%e  -23.5974 80.0 22-40 - Tge 0.0
105 _17.7300 80.0 22-44 81 0.0,1.0,2.2,6.5
g _25.1330 80.0 o 20-32 C % 0.0,2.6,4.4,6.4
12 -21.4429 80.0 18-49 10, 0.0,3.3,5.9,7.5,9.4,11.8
1 21,442 93.3 18-29 10 - 0.0,3.3,5.9
Be  -25.8865 80.0 18-36 - lge 0.3,2.7,4.0
16  -16.5914 80.0 17-29 14c 0.0,6.1,6.9,8.3,10.4
165 -16.5914 93.3 15-25 14 0.0,6.9,8.3,10.4
24y -14.7410 80.0 14-30 224 0.0,1.3,3.4,4.5,5.4,
v 5.9,6.3,6.9,7.5
%y -19.1002 80.0 11-28 2y 0.0,2.0,3.9,7.5,8.9

*

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

-LV-



-48-

Other tests are possible, such as the predicted 23% state in 10pe

(see Table IV-2), butl this work seems to have utilized the most
satisfactory test cases. The results fbr the 8Li case are particularly
uhambiguous since the location of at least the ll+ state is well
established (unlike the cases in l:I'Be and 9Li) and this level is at

a .iow excitation energy so that the configuration should be reasonably
puré (unlike the 23+ state‘ in 10ge whére even the 22+ strength i-s
fragmented). While the 1% level in 14¢ is not definitely located  and
is at a high excitation energy, it has a very large predicted transi-
tion stréngth 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 levél,

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 l2(:, 16_0, 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 campared with
data fram the (t,p) reaction leading to the same final nuclei. The
third portion consists of data for reactions on 9Be, 6Li, and Li tafgets,
which lead to unbound final systems that have ye£ to be completely
characterized in a nm—omtrove'rsi_al and unambiguous fashion (Aj 74,

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

ratio with a corresponding decrease in the knowledge of the final system.



Toble iV-2, Summary of esperimental and thecretical results for 10pe,

-6?-

Predicted Levels Transition Strength®
Low-Lylng Lavels Observed COchen and Kurath Croes Secticnet
Rnown Levels® {n This Work - - at o, o ~ 25°
Horton and Chenand BOG DOC PAGG PRC 1 BOC 2 -
ub/8r
N Ad oy "y sRe I ’ myu(klmb Goldhammer© Zurath?
0* 0 ] ) o* [ [ ] 2747 0 0.0322 o0 [ $.440.3
?* Ly 1 % 2* 19 3.85 LIRTIN L215 _0 0 2.4m 3.230.2
* s.9%8 5.4 © 2* 5.89 6.3 5.81 0 454 0 0 0.256 1.430.1
1 3.960
0* €.18
r 6.2¢
i 1.9 . - ) .
?* M 1m e » o 0.540.2
)y .7 )
2" 9.4 9.42 -7 ?* 8% 9.52 9.16 [] 0,004 © [ 4.056 0.8 ¢ 0.2
3* 9.3 9.50
3 1.7 1 0.8 9.10 Cosn o ° 0 0.22 ¢
" 10.99 12.34
(.7 1.1 1 o* 11.29 10.86 11.05°  0.004 © 0.011 o ] ) 0.6 + 0.2
2* 1.9 ©11Ls2
1 1.2 11.22 10.22 [} 0 0 1.452 0
ot 1% 2.7 )
a Mef. A 4.
b Ref. B0 64.
c Ref. M0 71,
d met. 00 70.
e SG and DMAG sre from Ref. @, PG 0, PG |, an) RAG 2 are this work, oee text,
t
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Finally, the fourth part consists of data for the 2s-1d-shell Eargelts
| 24Mg and 26Mg, which represent an example of the possible extension
to heavier targes of the work presented in the earlier parts. In all
caéés these results will be campared to available theoretical
Spectrosoopic amplitudes and level predictionms.

A. = 0 1p-Shell Targets

I,
1. The lzC(GLi,BB)loBe Reaction

An energy spectrum of the 12C(6Li,83) 10ze reactions is shown in
Fig. IV-la. These data were collected with an 80.0 MeV beam from a
0.22 mg/c:n2 target. This particular spectrum is a composite of data
collected between ), = 12.8° and 16.8°, in which the data were
kinematically shifted to 81ap = 15.8°. Data were also collected with
a 93.3 MeV beam energy as a calibration for the studies employing |
6Li 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 bambarding energies).

As indicated by this spectrum, the dominant transitions are to -
the 0% ground state and to the first excited level, at 3.36 Mev (2;*).
The next peak (22+ at 5.96 MeV) probably corresponds to the 2% member
of the 2%, 1~ doublet at this excitatim‘energy, since the 17 level
must have a cross-shell configuration and this type of state would
be unlikely to have substantial parentage in the 12¢ ground state wave
function. Weaker transitions are seen to a state at 7.54 MeV (23+) ’
a probable 2% level at 9.4 MeV (Aj 74), and a known state at 11.8 MeV
exc‘itaticn. These experimental results are summarized in Table IV-2.

The rather featureless angular distributions of the first two transitions
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T T T 1 T 1T T T
a) '2C (°Li, ®B) '°Be
+
Eoy = 80 MeV 0
400 - v l -
10 2+)
300 - Be l . -

Counts

2000 |~ l : -

1500

(2%) (2"

Excitation energy (MeV)
XBL 759-3890

Fig. IV-1l. (a) A composite spectrum of the lZC(6Li,SB) lOBe

reaction between 83an = 12.8° and 16.8° (with E(6Li) = 80 MeV), .
in which the data were kinematically shifted to 6y5, = 15.8°.
(b) The 12c(p,t)10C reaction induced by 54 MeV protons at

B1ab = 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 lzC(p,t) lOC reaction (As 75, Be. 67), which are shdvn in F'ig. Iv-1b.
These data were collected at the first minimum in the 10c grourd state
angular distribution. The comparison between ﬁhese energy spectra
suggests the location of the analog levels in thesé two final nuclei.
Both of the higher excited levels at 5.28 and 6.60 MeV in 10¢ have
aﬁgular distributions which are consistent with L = 2 (As 75). 1In |
the first case this supports the sﬁggestion that the 5.96 Mev level,
populated in thé l2(:(6Li,8B) 10ge reaction, corresponds to the 2% member
of the 2%, 1~ doublet (denoted by 23+) . In the second case, it supports
the suggestion that the 6.60 MeV level in 10 is the analog of the
known 2% state (2;%) at 7.54 Mev in 10Be. Finally, analogs of the two
higher 1yihg transitions (at 9.4 and 11.8 MeV exci‘tation in loBe) were
seen as a by product of the 14(: (p,t)lzc inirestigatim (As 76) due to
12¢ target contamination. Although the differing transfer emplitudes
lead to a relative e_nhancement 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 tv_vo—nuclem 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.) One sees reasonable 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 reactions induced by an 80 MeV
6Li beam: (a) 12c(fLi,B8B)10Be g.s.; (b) 1% (6Li,BB)10Be*
(3.37 Mev, 2%); (c) %0(5Li,8B)14C g.5., and
@) 13c(bLi,8B)1lBe* (0.320 Mev, 1/27).
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a_gjears for the transition to the 23+ level '(at 7.54 MeV), which is not
an expected lp-shell level; also, the 2,* state at 5.96 MeV has a large
spectroscopic factor (relative to the 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 ir'ﬁicate
that the predicted 22+ 1p-shell c;m_figuration 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 1evei at 9.4 MeV excitation and that
the theoretical 02'+ state corresponds to the 11.8 MeV peak; this would
be consistent with these levels being populated, along with the other
transitions seen in this work, in the 7Li(7Li,Ol) 10pe (G1 71) and
9Be(p,n+) lQBe (Da 73) reactions. - While the 23+ state may be populatéd
by anti—sjmfnetric transfer (see 'I;ablé IV-2 for the predicted relative
magnitude of the symmetric and ant’ij-syrnnetric transfer camponents),
it is more likely that its possibly relative enhancéd yield reflects
either the effect on the transition strength of either admixtures in
the 12C ground state wave function or configuration mixing in the
final level. Of course, these two transitions could also correspond
to the predicted two 17 levels, whose locations have not been experi-

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

cbvious fram the discussion of similar states in 14C and BLi.
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2. The 160(6Li,8B) 14C Reaction

An enerqgy spectrun. of the 16O(6Li,8.1:‘s) 14¢ reaction is shown in
Fig'. IV-3a. These data were collected with a 93.3 MeV beam from a
16% oxidized (by atom) 0.34 my/cm? 'Li target at 6, = 13.5°, Carbon
contamination gave rise to the 10pe states; the spectr.um is cut-off
before possible transitions could arise fram the TLi camponent of the
target. Data were collected at 80.0 MeV with both a 0.21 mg/am® SiO,
target and a 100% oxidized (by ataﬁ) 1424 target. The'reacti'on yield
and selectivity-agéin were essentially unchanged with the different
beam energies. - | |

The dominant transition is to the ¢ ground state and the next
strbngest transitions are to a series of 2% levels at 7.01, 8.32 and
10.0 MeV excitation. 1In this particular spectrum the 10Be contaminant
state obscured possible further transitions to the 17 level at 6.09 MeV -
and a 0% state at 6.58 MeV (which is predominantly an sd-shell level
(}&l 69)), but these transitions were seen in the investigations with
the other targets. By analogy to the 180(p,t)1% reaction (F1 71),
shown in Fig. IV-3b, one would expéct that the peak near 7.0 MeV
corr:espohds to not only the 2% state at 7.01 MeV, but that is also
has an unresolved component corresponding to the 3 level at 6.73 MeV
| (this is oconsistent with both the measured excitation energy and width
of this peak, which was often barely resolved fram the transition to
the 0% state at 6.59 MeV). The experimaltai results are summarized
in Table IV-3; the ground state angular distribution is shown in

Fig. IV-2c.
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target for the 160(6Li,8B)14c reaction. These data were
collected at B1ap = 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 6j5p = 27° (F1 71).

Fig. IV-3. (a) An energy spectrum from a partially oxidized‘Li
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As can be seen from Fig. IV-3b, the dominant &ansitim in the
16O(p_,t)l‘to reaction is to the 1% 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 'Q"' state are also populated; thus,
theée higher-shell configuraticﬁs are components of the 169 ground
state wave functions. | |

The theoretical predictions of the energy levels and transition
strengths are also sumarized in Table IV-3. The theoretical predictions
of the energy levels are not completély 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 ﬁhree levels (F1 .71, Tr 63, Li 71). This configura-
tion has a very large spectroscopic factor, so this suggested frag-
mentation of the transition strengfh_leads to better agreement between
these results (and those of the (p,t). reaction (FL 71)) with the
predicted spectroscopic factors (Co 70). o |

Reactions on this target also provide a convenient test for anti-
symmetric transfer processes. The Apredicted 1* level can ’only be

populated by anti-symmetric transfer» (since AJ = 1). It has been
proposed by Kaschl (Ka 71) that this state is located in 14C at
11.29 MeV excitation (based upon results fram the 15N (d,3He) 14C 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(6Li',8B)8Li ﬁeaction

An energy spectrum of the 10B(6Li,8B)8Li reaction is shown in
Fig. IV-4. These data were collected with an 80.0 MeV beam from a
0.14 rrr;;/c:m2 target; this particular spectrum is va composite of data
collected between 61ap = 9.7° and 20.3°, in which the data were
kinematically shifted to 6, = 9.7°. The 14¢ jevels arose from 160
contamination of the target.

The daminant &ansitim is to the 3% level at 2.26 MeV. Weaker
transitions are seen to the 2% ground state, a 1% level at 0.98 Mev,
and to the known (A3 74) state at 6.53 MéV excitation. These exper imental
results are summarized in Table IV-4; the angular distributions are
shown in Fig. IV-5.

The same qualitative selectivi-ty in the relative transition strengths
véas observed in the J-OB(p,t)al?, reaction (Sq 70), which is not reproduced
here. This (p,t) study could only observe the lower-lying transitons,
so that the analog of the 6.53 MeV state was not observed.

The various theoretical predictions of th:e enefgy levels and
transition strengths are also summarized in 'I"ablé 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, 8Li is unbound above =2 MeV, and several of
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Fig. IV-4. A composite spectrum of the 1°B(6Li,332531,i reaction

between 8ap = 9.7° and 20.3° (with E(°Li) = 80 MeV),
in which the data were kinematically shifted to
6., = 9.7°. Oxygen contamination gave rise to
lab:L i
- the 14C transitions.
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Table V-4, Sumary of experimental and theoretical results for LR
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Crose
Known Levels Obeerved COchen and Kurath Sections” -
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the known states are quite broad, so that it; would be d_i.fficult to
identify many of these levels. B

| This nucleus provides a good test for the importance of aﬁti—
symmetr ic transferl, sihce both of the low-lying 1% levels can be
populatea essentially solely through spatially ahti—symnetric transfer.
Hémever, since the 1% level at 0.98 MeV is weakly populated, little
evidence for this transfer mode is seen. Similarly, if one assume
that the second 1% state corresponds to the known spin 1 level (aj 74)
at 3.21 MeV, then this conclusion is further confirmed. Finally, one
sees fram the transition strengths that the 3* state's strong population
relative to the ground state also provides éu;porting evidence that
anti-symmetric transfer is unimportant (since this 2% level has a larger
possible anti~-symmetric component than the 3% state). 1In summary,
then, we have seen no evidence for anti-symmetric transfer either in
thé yield of the 1* level in 14C, or the known 1% state in 8Li, or
a possible i"-’ level in 8Li, or in overall comparisons between the
(6Li,8B) and the (p,t) reactioms.

. The relative transition strengths of the ground state and the
3% level indicate that the observed population ratio reflects the
spectroscopic factors, instead:of solely the reaction kinematics.
The only other cases in the lp-shell wheré an excited state should
be populated more strongly than the ground state are iﬁ transitions
Jeading to lpe (which will be discussed below) and those leading to

12Be (in this last case, data fram the 14c(6Li,8B)1%Be 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 grouna 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 a 4* state,
~and ﬁhese_ high spins would be consistent with the known (Aj 74) narrow
width of this level (<40 MeV). | |

B. T,>0 lp-Shell Targets

1. ;I‘he 13C(GLi,SB)llBe Reaction

An energy spectrum of the 13C(6Li,8B) llge reaction is shown in
Fig. IV-6. These data were collected with an 80 0 MeV beam from a
0 14 mg/cm target; this partlcular spectrum is a composite of data
collected between elab = 9.4° and 20.3° for a total of 32,900 uC, in
which the data were kinematically shifted to 81ap = 14. 3° The 10Be
~and 14c jevels arose from the 1%c and 160 oontaminants in the target,
respectively. | |

The dominant transition is to the first excited state of e,
a 1/2" level at 0.320 MeV excitation, which is the lwest 1p-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
10p, contaminaht 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) Upe reaction (Aj 72), which populates all the known levels
n llBe. ; While. the (6Li,BB) reaction can only populate lp-shell levels,
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Fig. IV-6. A composite spectrum of the BC(GLi,sB) llge reaction
collected between OLap = 9.4° and 20.3° for a total
of 32,900 uC (with E( Li) 80 MeV), in which the
data were kinematically shifted to ), = 14.3°,
Oxygen contamlnatlm gave rise to the 14c states.
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Table IV-5. Summary of experimental and theoretical resulta for tge,
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Table TV-6. Suweary of experimental and theoretical results for JLi.

Predicted Levels

Transition strenqths'
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which must have negative parity, the (t,p) reaction can also populate
states with higher cmfiguratims and positive parity. An example

of such a level is the 1/2% ground state of e, This unusual.level
ordering of a 2s-1ld-shell state below the lp-shell levels has been
explained by Talmi and Unna (Ta 60) as a consequence of the differing |
interaction energiés of the 2s; /2 and 1pl/2 neutrons with the lp; /é
prbton. The lack of population of the llpe ground state by the |
13C7(6Li,8B) llpe reaction is additional coﬁfimaticn i:hat the level

at 0.320 MeV excitation is the lowest lp-shell state in g, 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 ﬁhe ‘(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-shellv 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 3/2” state is
quite small, these transition strengths are quite sensitive to small
admixtures in the target around state wave ﬁmction (Ru 76).

2. The 11B(6Li,BB)9Li Reaction

An energy spectrum of the 11B(®Li,BB)%Li .reaction‘is shown in
Fig. IV-8. These data were collected with an 80.0 MeV beam fram a
0.21 mg/an?- target; this particular spectrum is a composite of data
collected at 8;, = 12.4° and 16.4%, in which the latter spectrum was

kinematically shifted to 8y, = 12.4°. The 14C transition arose from
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Fig. IV-8. A composite spectrum of the 11B(6Li,8B)9Li,

reaction collected at 634, = 12.4° and 16.4° (with

E(fLi) = 80 MeV), in which the latter data were
kinematically shifted to 035, 12.4°. Oxygen
contamination gave rise to the l4C peak.
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thé 16O comtaminant in the target.

The daminant transition is to the (3/2)” ground state of JLi.
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. While 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) 9Li reaction
(Yo 71), which populated all of the known levels in 9Li. Fram a com
parison of the observed level spacing and widths with their predicted
vaiues by Barker, along with a camparison 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 popula-tim of these levels by the (6Li,813)
reaction strongly suggests Athat the i:opulated states have negative
parity (although we cannot suégest any spin assignments) and that both
reactions genérally agree on the location of the lp-shell levels in
9i.

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

there are differences concerning their order. Kumar's work (Ku 74b)
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is an improved version 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 Kurath (Co 70)

(and also Barker) as regards the order of the first two excited states.
The probable 1/2” assigmment to the first excited state (Aj 74) ag-fees
with the majority of these calculations. If this level is indeed a
1/2” state, then its transition strength is much greater than might

be expected from its vefy small spectroscopic factor. However, a 1%
admixture in the 11B ground state wave function would increase this
strength to 0.15 (Ku 76). Similarly, the observed population of the
possible 7/2° state at 6.41 MeV rather than the possible 3/27level

ét '5.38 MeV (Yo 71) could arise from the sensitivity of the transition
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 continuation
of the investigation of the light.Tz = 3/2 nuclides (i.e., the earlier
llpe, 9Li, and now ’He, °H, and finally 3n (see Ce 74 for the 3n portion
of this study); but not 4H which has T, = 1). However, these unbound
nuclides are discussed separately fram llBe and Li, since the inter-
pretation of these results must consider phase-space distributions

and final-state interactions (see Appendix A). Moreover, 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 9Be(sLi,eB) THe Reaction

An energy spectrum of the 9Be(GLi,BB)7Hé reaction is shown in
Fig‘. IV-9. This particular spectrum was collected with an 80.0 MeV
beam from a 0.13 mg/c:m2 target at elab ='9.7° for 9200 pC. The smooth
cur\}e in this figure corresponds to the phase-space distribution for
the three-body breakup reaction ®Li + %Be + 88 + 6He + n. Four and
five body breakup reactions can also contribute to the underlying
continuum above their indicate thresholds. The relationships amoung
these thresholds are indicated in Fig.' IV-10.

" The ground state of ’He, 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 (fram ©,, = 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 7He would have been cbscured 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 TLi (t,3He) The (St 67) and the TLi (n,p) The
(Li 73) reactions, which also failed to locate any sharp excited states
in 7He. |

~ These negative results can be contrasted with the predictions

of excited lewvels of 7He, which are also shown in Table IV-7. However,



100

-75-

T 1 T I LN T
9Be (6Li,%B) "He
Eg =80 MeV
Lt _
7He —q+ 3N
7/‘7’9——-—5/-/e+2/7

1 | 1

N

| 1
2 10 8 6 4 2
Excitation energy ( MeV)

XBL768-3903

O

Fig. IV-9. An energy spectrum of the 9Be(6Li,BB)7He
reaction collected at 63,y = 9.7° for 9200 uC
(with E(®Li) = 80 MeV) . These data are four
channel sums and the smooth curve corresponds
to three-body phase-space for the ®Li + 9Be =+

+ 6He + n breakup reaction.



-9L..

_ G M 4body ———3/2 00 1oy
20971 Mev - bog He+2n o
0 | ———=—=5body | —0
~ “He+3n | g.5. *He + 3n
- — 0" OAIMEY___ 354y |

XBL768-3900
Fig. IV-10. A diagram of the decay scheme of THe indicating the relative location

of the various decay channels.

v



-77-

if a level near 3.6 MeV excitation in 'He (corresponding to the pre—
dicted 5/2° state, which has the largest transition stréngt:h of the
excited levels) has the same fraction of the ground state strength

as séen in the similar llB(GLi,a’B) 9Li reaction (~10%, see Table IV-6),
then it would be difficult to discern if it were broader than ~1.5 MeV.
Only the prédicted 3/2° ground state (see Table IV-7) should have a
relatively large transition strength. The population of the ground
state in this two-proton pickup reaction strongly suggests that this
level has negative parity, as expected.

2. The 6Li(GLi,BB)‘1’§1 Reaction

' "An energy spectrum of the 6Li (6Li,8B)4H'teactim is shown in

Fig. IV-1lla. This spectrum was collected with a 93.3 MeV beam fram
a 0.40 mg/cm? target at 6y = 14.7° for §50 uC. The smooth curve
in this figure corresponds to the phase-space distribution for the
three-body breakup reaction 6i + 6L ~ 88 + t + n. Four and five
body breakup reactions can also contribute to the under-lying continuum
sbove their indirected thresholds. | |

The observed enhancement above the three-~body phase—-space dis-
tribution can be attributed to the known (Fi 73) (t + n) final-state
interaction, which would correspond to transitions to the 27 ground
state of 4u alohg with possible coritributims fram transitions to probable
i’ and 0" levels in 4H, since all these states are broad. This enhancement
 was seen with appropriate kinemaics at all four angles studied (fram
®.ap = 11° to 17°); additionally, its intensity eliminates contaminants

as a cause. Assuming that all of the counts above the phase-space
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Fig. IVv-1ll. (a) An energy spectrum of the 6Li(6Li,eB)4H reaction

collected at O35p = 14.7° for 950 WUC (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 /Li(6Li,8B)°H reaction collected at

B1ap = 14.7° for 6200 MC (with E(®Li) = 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 10Be and l4c levels arose from
target contaminants (see text).
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curve correspand to this transition, then the observed yield is
equivalent to 4 pb/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

6ri (p,t) 4Li reaction (Ce 65) and both spectra show very similar structure.
Although little has been established in 44, it has been studied through
numerous reactions (Fi 73). |

3. The 'Li(bLi,®B)>H Reaction

" An energy spectrum of the TLi (6L'i,88)5ﬁ reaction is displéyed

in Fig. IV-1lb. This spectrum was collected with a 93.3 MeV beam fram

a 0.33 mg/cm? target at 6, = 14.7° for a total of 6200 uC. The smooth

culrvé drawn in this figure corresponds to the phase-space distribution

of the four-body breakup reaction ®Li + Li > 8B + t + n + n. The

thresholds for the higher-excitation breakup channels ére also indicated.

Transitions to levels in 108e ana 14c arose fr;:n 12¢ and 180 contaminants

in the target, respéctively (theée states provided useful célibration '

points). (The four-channel summing of the original data obscures these

contaminant peaks, but Fig. IV-3, shown for the 1%0(®Li,8p) 14¢ 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 mlti-?body breakup channels,

such as the three-body breakup 8B + t+ (2n) or 8 + 4 + n. Unlike

the 6Li (6Li,8B)4H reaction (and all the others studied in this work),

no 6bvious evidence is seen for a strong final-state interaction in

5H at any of the angles studied (from 81ap = 11° and 15%). As a measure

of the experimental sensitivity toApossible & levels, the yield at
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loQ excitation energy above the phase-space curve corresponds to
~100 nb/sr-MeV, which may be compared with the cross-section of the
final-state interaction in %H of 1 pb/sr-MeV. In summary, this
investigation, as was the case in the 9Be(a,8B)%H data (Mc 68), the
3H(t,p) °H study (Yo 68), and pion-induced reactions on TLi targets
Mi 69), has produced no evidence for any sharp JH states below 10
MeV éxcitatim..' A negative finding was also the result of the earlier
investigation of the TLi (7Li,l]C) 3n reaction (Ce 74), where for the
lowest possible T, = 3/2 nuclide--BnI, 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 22e and 24Ne |
is of particular interest because the neon isotopes exhibit a gradual -
decrease in deformation fram 20Ne to 24Ne. This decreaée in deformation
with the addition of neutron pairs has also been noted in the sodlum
isotopes, where 2652 can be successfully descr ibed by a spherical shell-
model calculation (F1 74a). vmre_ove_r, ﬂ\is region is valuable for
allowing the oarpariém of various microscopic and macroscopic
calculations, particularly since a spherical shell-model approach with
a full 2s-1d shell basis has became feasible (Co 74a, Co 74b). While
'exaét" shell-model calculations can reproduce these trends in rotational
character of the spectra, it would be more génerally 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 péiring cofrelations Ma 73) and pbssibly
"shaée—mixing" (or shape "co-existence") (Kh 71). Shape mixing occurs
when the prolate solution (which can be associated v)ith a small neutron
enérgy gap and a large proton gap) has approximately the same energy

- as the oblate solution (corresponding to the solution with a small
piéton energy gap and a large neutron gap) (Kh 71). Since thé reduced
eneréy ‘gaps enhance pairing correlations, reactions studying the two-
parlt’ic':le configurations in these nuclei could provide an interesting
fest’ of these various theoretical models. Finally, 2Ne is a T, = 2
nuciide, so this study illustrates thé applicabiiity of this reaction
to study such nuclei by employing T, = 1 targets such as 14C, 18O,
224e, 30si, etc. ' ‘

1. ‘The %%Mg(bLi,8B)2%Ne Reaction

An energy spectrum of the‘z‘lMg(GLi,BB) 224e reaction is shown in
Fig. IV-12. These data were collected with an 80.0 MeV beam from a
© 0.15 my/cm? target; this particular spectrum is a composite of data
collected between 6y, = 10° and 22°, in which the data were
kinematically shifted to 6;, = 18°. Transitions to 1%Be and l4c levels
arose from 12c and 160 comtaminants in the target, réspectively.

The daminant transition is to the ground state of 22Ne. 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 2*
state at 4.46 MeV excitatiaon. 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 2t level
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Fig. IV-12. A composite spectrum of the 24Mg(6Li,gB)22Ne reaction between
081ab = 10° and 22° (with E(6Li) = 80 MeV), in which the data were kinematically

shifted to 8;,, = 18°, Transitions to 10Be and 14c levels arose from 12¢ and
160 comtaminants in the target.
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Table TV-8. Summary of some of the experimetal and theoretical results for "ﬂe.

Pradicted Levels

Low-Lying Levels Obser ved Preedom and Crosa Sectlons (c.m.)l

fnowm Levels® tn this Work hak ikat, Oole, watt : bcm. ~ 2
Wildentha!®  Craic® ' Nalt, and Pandya?  and whitehead” .-

3 me b kev »b/ar
o* 0 o o* ° 0 0 ° 5.540.4
2 L 126 0 2 1.14 1.0 1.2 1.4 1.740.2
¢ 3.3 1.3 0 4 £ 271 2.0 s K3 1.0 + 0.2
?* .8 s 0 2* 3.9 3.8 6.9 s 0.740.2
r s.14 3* 4.51 a.48 5.4
nn* s.u 2* “n 6.6 8.0 (X
?* 5.3 5.3 ” o 'K ) 6.4 6.0 0.7 4 0.2
s .52 1 s.18 IR} 5.0
o 5.64 Fd 5.43 5.1 6.0
%9 st 60 100 1t .48 6.3 1.7+ 0.2°
2t 6.12 ¢ 5.54 45 5.5
ot . 6 6.3 5.9 7.1 5.4
e 6. o* 6.81
e 6.} ?* 6.2 6.3
0-0* 6.6 [ 6.8 6.4
Grot) 6.69 6.6 s 2 6.1 ' 0.3.4 0.2
2* 6.02
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Toble IV-§. Oontlinued.

Predictad Levels

Low-Lying Levelg Oboer vad Preeadon ard Khadkikar, a Cole, tatt, Cross Sectiora (c.a.)'
Knoam Levels® in This work Craiqc Rair, and Pandya and vhitebn

e g ~ 2
wildenthal® G

37w LS T AR wb/ar

1-3»" 1.4

7.4

1! 7.4 7.49 100 . 1.0 ¢ 0.3

1.5

“.n* 1.3

LA L R Y N-Y. N -4 ]

Rel. B0 7).

Ret. Pr 72.

hef. Cr T¢.

Ret. Kh 71.

Ref. Oc Téae. . .

The ditferertinl creem gecticns decrease monotonfcally with engle, ses text. .
Ref. Ho 72 msggests that the 5.9] Mev level could be a 17 or 37 state cather then s 2* tevel.
This peak most likely corresponda to more than one trammition.

Based wpon Ref. P 74b and HO 72,

Baned upon Ref. 7i 74. :

Saome known levels were amitted because of the high Gensity of states, see Ref. a.
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at 5.91 MeV and a 0% state at 6.24 Mev. However, while the width and
centroid of this peak indicate that it corresponds to more than one
ﬁransitiqn, we cannot definitely determine its composition. Weaker
traﬁsitions might correspond to the 2% level at 5.36 MeV, a natural
parity state at 6.69 Mev, and a 17 level at 7.49 MeV. (These assign-
ments are consistent. with the higher-lying states populated by the
(&,a') reaction (01 70), which is to be expected, since thése inelastic
scattering exper iments measure the deformation parametér, and this
deformation arises from the quadrupole interaction, which is in turn,
based upon the two-nucleon spatial correlations (and these pairing
interactions are reflected in the two-nucleon transfer transition
strengths) (Br 70).) These experimental results are summarized in
Table IV-8; the ground state angular distribution is shown in Fig. i’V—lBa.
" These data can be compared with those fram the analogous 24Mg (p,t) 22Mg
reaction (Pa 74), shown in Fig. IV-14. Unfortunately, while these (p,t)
data have better energy resolution than does the (6Li,8B) reaction,v the
level structure of 22Mg is poorly known compared to 2""t‘le, so that this
compar ison suggests the spins and parities of several levels in 22Mg
rather than clarifying the (°Li,BB) data by identifying the isolated
analog transitions. Fram this analogy one can suggest that the
3.31 MeV state in 22Mg (a 4(?) (En 73)) corresponds to the analog of
the 4% level at 3.36 MeV in 2%Ne and that the state at 4.40 MeV in
22yg (a 2(*) 1evel) is the analog of the 2% state in 22Ne at 4.46 MeV.
As might be expected fram the lp-shell camparisons, this work indicates
that there is a strong similarity between the selectivity of these

two reactions even aon the relatively more complex 2s—16-shéll targets.
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Fig. Iv-13,

8¢.m. (deg) |
: XBL 7612 -11202
Angular distributions for reactions induced

by an 80 MeV ©Li beam: '(aé 24Mg (611, 8B) 22Ne,
g.s., and (b) 26Mg(®Li,BB)2%Ne, g.s.
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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 a£ 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
seléétivity will pr\?vide some bounds on the possible spin and parity
of the two previously unreported levels in 2%Ne.

The variety of the theoretical approaches to this region can be
seen in Table IV-8. Preedam and Wildenthal (Pr 72) employ an approxi-
mate shell-modcl approach, while Cole et al. (Co 74a) use a spherical
shell-mcdel with a full 2s-1d shell basis. Craig (Cr 74) uses a
Nilsson model. Khadkikar et al. (Kh 71) employ a Hartree-Fock frame-
work with shape-mixing. This list is by no.means exﬁaustive of the
theoretical approaches to 22, The state at 5.92 MeV is generally
considered to be an intruder level (Cr 74, Pr 72) and the 2% state
at 6.12 MeV is oconsidered to be a 2s-1s shell state, which might disagree
with ouf 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 bé 1" or a 37 level (Ho 73). It would be difficult
to believe f:hat there is such a large component of a cross-shell level
in the 2449 ground state. If the level at 5.92 MeV excitation were
a '3_ octupole vibration, then its strong population by this réaction

is possible (as is the case in the 54Fe(6Li,SB) 52Cr reaction (We 75)).
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This possibility is supported by the inelastic scattering data (01 70).
2
2. The 6M;;(SLi,BB) 245e Reaction

'An energy spectrum of the 26Mg (6Li,88) 24Ne reaction is shown in

Fig. IV-15. These data were collected with an 80.0 MeV beam fram a
0.45 mg/cm? target; this particular spectrum is a composite of data
collected between 6, = 8° and 21°, in which the data were kinematically
_shifted to 0., = 17°. Levels of 1%Be and 14c arose from the 1% and
160 comtaminants in the target, respectively.
; Thedom.mant transition is to the 0% ground state. Along with

a weaker transition to the first excited level, which is a 2 state

at 1.98 MeV excitation, a peak is observed to 3.88 MeV, which probably
corrésponds to both members of the 2+, 4+, doublet near this energy
(whiie the measured excitation energy agrees well with the 2t level,

this peak is noticably‘ broader than the other transitions in a high
resolution preliminary observation of this reaction (We 75)).
Transitions to two unreported states (En 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 confirmation of its kinematic shift. These experi-
mental results are summarized in Table IV-9. The"angular distributions
o° some of these levels are shown in Fig. Iv-16, fram which (as before)
it is apparent that these distributions do not offer a means of dis-
criminating among the possible spin changes Qf the various transitions.
It is of same interest that the ground state transitions to 22 and _

* 2456 have almost identical cross-sections (and angular distributions),
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Table IV-9. Summary of expetimental sd same of the theoretical resnlts for 2.,

Predicted Levels

Levels Cbaerved Macdionald, b Khadk ikar, Cole, Wett, Rober taon Btructure Cross Sections (C.I.)!
Rnown Levels®  in This Wock Morrison, and Watt Nair, and Pandys®  and Whitehead®  and Wildenthal® Mmplification -
Yc.m.
3 e P U L ractor wb/er
o o ° o* 0 o : 0 0 0.3 1.9 +0.2
2* i.ee 197 k] 2* 1.5 . 1.4 1.8 2.24 0.01% 0.440.2
?* L im 0 2 2.8 6.0 a0 wn 0.09 0.3+ 0.1
[ 3.9 o* 1.0 1.9 4.7 4.94 [
o* (81 ¢ [ 3.8 1.8 44 0.03
(X [ 6.1 7.5 6.04 0.03
2 5.8 (3.9 100 o . 5.6 6.56 0.01 (0.08 + 0.08)
(5.60) o : 1.2 Y °
6.03. 2* 5.86 0 .
1.6 o 2 6.07 0.003 0.25 ¢ 0.10
.86 L I 6.63 0.04 0.10 + 0.0S
7* : 152 I [
?* 7.93 0.025
g 8.02 0.008
¢ 8.20 ) [
I 0.84 0.006
s met. B 7).
b Ref. ¥a 7).
c Ref. ®h 71,
4 hef. Co 70,
€ mef. MO 73,
g Promwret. f.
h the differential cross sections decresse monotonically with angle, see text.
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Fig. IV-16. Angular distributions for transitions induced
by an 80 MeV 6Li beam in the 26Mg(6Li,sB)24Ne reactian
(a) g.s., 0%; (b) 1.98 MeV, 2%, (c) unresolved transitions
to the 3.87 Mev, 2%, state and 3.96 Mev, 4%, level, and
(@) 7.47 Mev.
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although the Q values differ by ~5 MeV. A simple DWUCK calculation
reproduées this trend. These experimental results can be corﬁpared
with those of the 22Ne(t,p) 24Ne reaction (Ho 70), which identified
all the known levels, but could not have observed the two higher-1lying
states. |

Sané of the theoretical predictions for 24Ne are also sumarized
in Table IV-9. Cole et al. (Co 74_b) "employ a spherical shell-model
calculation with a complete 2s-1d-shell basis, while Robertson and
Wildenthal '(Ro 73) use a spherical shell-model calculation wi-th a trunca_ted
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 pa'rities could be
determined. However, we can only limit them to having spins <4 and
natural parity (which is the only allowed possibility for the transfer
of two identical 2s-1d-shell nucleons).

The structure amplification factors of Robertson and Wildenthal
(Ro 73) are compared with the observed transition strengths in
Fig. IV-17. Several highef-—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 PreedamWildenthal interaction (which was
enployed in this calculation) predicts too high an excitati;:n for low-

lying levels and too low an excitation for high-lying ones in 22Ne,
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Excitation energy (Mev)

of the 26Mg(6Li,sB)24Ne reaction (with E(6Li) =

predicted relative structural amplification factors (Ro 73).

’ ¢

{ I ) I 1 |
', 9+ 24N e
; o* Observed
- N 2h4
= i (%)
- 2
L 24Ne

o , 4% Predicted
E 2}% ot 4* o
-
N e
3 |

| | J] L | 1 l. ]

0 2 4 6 8

10

XBL 762.2256



-96-

and if this were the case in 24Ne, then the agreement with our results
would be reasonable. |

E. Comparisons With Other Reactions

In principle, there could be rather dramatic differences in the
population of levels in the final nuclei betweeh the (6Li,8B) and (p,t)
.reactioné since the differing wave functions of the outgoing particles
could sélecf different cluster configurations from the target ground
state wave functions. However, the observed similarities betwegn the
spectroséopic selectiv-'ities of these two reactions for the T, = 0 12C,
16O, 10B, 6Li, and 24Mg targets demonstrate a related simple pickup
reaction mechanism and suggest that any differences in the relative
yields simply arise fram the two reactions sampling the 1s cluster
probability density at different interactionI radii (and over different
ranges of radii). | |

Agreement in the comparisons between the (§Li,8B) _and (t,p) reactions
producing the same final nuclei (e.q., llBe, 9Li, and -24'Ne) leads to
the anticipated conplemermﬁary nature of their spectroscopic selectivities
in studies of neutron-—excéss nuclei. Any differences in the population
of levels in final nuclei between these two reactions indicate possible
- configuration differences (e.g., predaminant particle 'or hole states).

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

.2 ‘
also obtained data fram two heavier targets——24Mg and 6Mg-—to
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facilitate cross-comparisons with this particular reaction.

The usefulness of these various reactions is measured by the
corhbinatim of exper imental difficulty, the presence of bound excited
states, spectroscopic selecti{rity, and relative yield. As mentioned,
particle identification based upon counter telescopes is particularly
suitable for the (6Li,8B) reaction since both B and 2B are particle
unstable. A requirement that the outgoing particle not have any bound
excited states would eliminate several possible ;eéctions, as can be
seen from Table IV-10 which also lists the spectroscopic amplitudes
(Co 70) and two-proton separation energies. While the (180,20ne)
has a relatively high yield, its spectra are complicated by the large
transition strength of the bound 2* and 4% "shadow peaks" (Si 72, Ch 73,
Ke 76). Experimental results are available for the 26Mg (llB,l3N) 24Ne_
reaction (Sc 74a). Comparing data fram the (6Li,88) and (llB,]f3N)
reactions on the 26Mg target:

* both reactions have similar spectroscopic selectivity,

* the (HB,BN) reaction has a (c.m.) yield about three times
higher than the (6Li,85) reaction (however, the (llB,l3N)
reaction data were collected at the grazing angle).

The higher relative yield of the (llB,B'N) reaction might be expected
from the larger spectroscopic amplitude, more positive Q-value, and
greater prbton pair binding energy in the outgoing particle for the
(ilB,l:”N) reaction (see Table IV-10). Similarly, either the (lOB,lzN)
or the (12(:,140) reactions might have a higher yield than the (6Li,88)

reaction, while still lacking any shadow peak ambiguity.



-98-

Table IV-10. Comparison among same of the possible two-proton
o pickup reactions.

: Two-Proton Strengths**
Bound Excited Separation

Reaction Jy J¢ States _Energy* (MeV) SMAG DMAG
(6Li,®) 1t 2t No - 5.744 0 0.032
Ope,lc) 3727 3727 Yes - -15.277 0 0.747
10,12 3+ 1t No - 9.287 0 1.354
Mp, By 327 172 No -17.901 0 2.061
2,40 ot ot No - 6.570 0.597 0
(B¢, B0) 127 2 Yes - -14.843  1.002 0
(Mc,1%0) ot ot Yes = -22.335
180,05 o of Yes ~20.838

*Calculated as Af - Ai - A2p'

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

We have already seen that the (6Li,8}3) reaction strongly populates
only those levels with a significant predicted two-nucleon spectro-
scopic amplitude and that these transition strengths reasonably reflect
grdss differences in the predicted relative yields. However, several

transition strengths appear to be significantly different fram their
predicted relative yiéld. In particular, some configurations with _
rather lérge predicted transition strengths seem to be fragmented among
several states. (Of course, this splitting would be most obvious if
the éonfiguraticm possessed a particularly large transition strength.)
Several configurations that had rather small predicted transition .
strengths wereb noticably populated, probably indicating the effect

of configuraticri mixing invthe target ground state wave function.

As previously mentiocned, the transitién matrix element can be
described as depending upon both the spectroscopic amplitude and a
transfer emplitude factor. We have attempted to describe this kinematic
dependence by a selni—claésical reaction theory (Br 72, An 74) with |
the computer code HIPROB (Hu 75). This approach involves in part the
~description of the target and outhipg particle (for pickup reactions)
as core plus cluster systems 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
r'elative transition strengths along with the predicted transition strehgth,
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 observed and predicted reiative transition

strengths.
_ Level Observed Relative Predicted
Nuclide P:bn\azl J" 13:7&?5"3.8_ sec® oGt giﬁaﬁ ; Q)g_s.
105 0 ot 1. | 2.5 0 1. 1.
3.36 2% 0.60 0 1.22 0.48 0.21
5.96 2* 0.26, 0 4.5 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% 0.1 0.004 0 0.18 2.6 x 1074
14 0 o* 1.0 2221 0 1. 1.
7.00 2* 0.35 0.34
g.32 2* 0.16)0.61P 12.711 0.29 1.73
10.4 2% 0.10 0.23
2% o o* 1.0 c 1. 1.
1.27 2* 1. 0.68
3.36 g 0.18 0.34
4.46 2F 0.12 0.27
5.36 2t 0.13 .0.25
6.0 0.3
Structure Anplificationd
Factor
24y 0 o 1. 036 1. 1.
1.98 2% 0.22 0.015  0.42 0.018
2t 0.09 0.27 0.068
. ~ }o. 08
3.9 4 0.17 0.03 0.21 0.018
5.6 (24 0.04 0.003  0.19 0.016
o* 0.01 0.32 0.009
1.5 4 0.13 0.04  0.12 0.013
8.9 2t 0.05 0.025  0.13 0.009

a Pram Ref. Oo 70. b Predicted strength is fragmented. ¢ Not available,
d Pram Ref. Ro 74.
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lim_ited utility for this reaction, and accordingly we have not atter@ted
any more complicated spin situations:. :

It is possible that this semi-classical approach is inappropriate
‘for this particular situation Abecause of low values of n. Further
it is“likelyv that this poor agreement reflects the inappropriateness
of functional forms of Q-value dependence in this particular approach.
This éossibility is supported by the Oxford approach of empirically
varying the ir_mput parameters to shift the relative pfobability curves
vs excitation energy to achieve satisfactory agreement (Me 76). |
No variation 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 utilif:y of the (6Li,88) reaction as a spectroscopic probe of neutron-
excess nuclei., A systematic feature of these data is that the (6Li,8B)
reaction populates strongly only states for which a significant two-
nucleon cfp is predicted. The spectroscopic selectivity of the (6Li,BB)
reaction on T, = 0 targets resembles that of the anaiogous (p,t) reaction.
The observed selectivi‘ty in the population of states in the final nuclei
desnmstraﬁes that the (6Li,8B) reaction proceeds pfimarily through
a direct, single-step pickup of two protons. Moreover, these data
indicate that the predaminant configuration of the two-proton cluster
ié a relétive 1g ‘state. No evidence was seen for the transfer of the
proton pair coupled to a spatially anti-symmetric configuration.

By establis’hing an mdersténding of the abserved spect.roscopic
selectivity with T, = 0 targets, it has been possible to employ this
reaction on T, > 0 targets to locate low-lying lp-shell levels in |
‘relatively inaccessible T, = 3/2 nu;lei, such as llBe, 9Li; and ’He.
However, no evidence was seen for any narrow excited states in ’He.
Also, no indication was observed for a strong final-state interaction
in 5H, al though the km t + n interaction corresponding to the 4y
ground state was readily apparent. 'Iwo previously 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 semi-classical approach to the reaction kinanatics
ih terms of the localization of the incoming wave packet at a relatively
1ar<je interaction radius without strong focusing into a particulaf |
Coulamb trajectory. Similarly, simple DWRA calculations indicate that
the angular distributions should not be very oscillatory, although
these calculations do not describe very well the envelope of the observed
distributions. Both the semi-classical reaction theory and the DWBA
caléulatia'xs indicate that the kinematic term in the transition matrix
should be only slightly dependent upon the transferred angular mamentum.
Hdwéver, while the observed relative transition yields agree qualitatively
with the spectroscopic predictions of Cohen and Kurath (Co 70), good
quantitative agreement was not obtained. This could indicate the
inappropriatepess in the present situation of either the semi-classical
react‘icn t;heory or its approximation for the functional form of the
Q-value dependence.

The (6Li,8B) two-proton pickup reaction has been demonstrated
to be well suited to counter-telescope techniques and most appropriate
on light targets. However, due to the higher yield one might expect
that future studies of two-proton pickup m‘ heavier targets will employ |
" other techniques, such as the (uB,BN) reaction. 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
two-proton transfer reactions. For example, two-proton pickup reactions
can be eﬁployed in investigations of neutron—excess systems for mass |

measurement studies with neutron-excess targets such as 365 and 702n
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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, 5°Ti, 520:, and 54pe

‘or 140Ce, 142Nd, ahd 144Sm.
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APPENDIX A. UNBOUND FINAL SYSTEMS

An additional element of camplexity occurs in reactions 6f the

type |
1+2+3+44+...+n

(where 1; is the beam, 2 is the target, 3 vis the detected particle,
and 4 through n are unobserved). While these reactions obey the ‘same
laws of “cbnservatim of energy,. linear mamentum, vand angular momentum
as do i:wo—body reactions, the multi-body nature of the final state
means that measurement of the angle and energy of particie 3 no longer
completely specifiés the reaction kinematics. In an ordinary two-body.
| final system, the energy and laboratéry angle, 6, of‘me of~ the particles
Uniqﬁely determines tbe energy and angle of the unobserved particle.
For multi-body finél systems, the additional cdnpiexity._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 parfi&:le;, :
the unobserved nuclei can experience a range of relative energies.

The consequences of this added freedam in the residual system.'

can be explored by writing the differential cross section of the observed

particle as
2 ¥ | Al
d 0o 81 1 | 2 (Al)
= —= |M(E,,2.)]° p(E,,0)
dE3dQ3 h2 Xy 3’73 3’73

where 1; is the reduced mass of the initial system, k; is the relative
momentum between the target (2) and the projectile (1), ID‘I(E3,Q3)|2
is the matrix element determining the interaction, and p(E3,Q3) is

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

1.  phase Space

One can see from Eg. (Al) that the cross section is proportivonal to
the. density of final states. The division of the available energy between
the unobserved particles can be considered (in a simple piétur;e) to ‘depend
not on the residual nuclei, but on the number of ways in which this
div’iéion can be accomplished. (Of course, a strmg' interaction among
these nuclei can cause an enhancement of the yield above this simple
statistical distribution through the matrix element; such as enhahcanent
could indicate the existence of a state at this relative energy (see
Section 2 below).)

For a system such as the 3n final State, there are very few
orientations allowed which provide low relative energy among all three
neutrons, while stillbonserving linear and angular momentum with the
observed particle. On the other hand, there are many ways of distribu-
ting 10 MeV excitation among these three neutrons. Accordingly, one
would expect the yield at 10 MeV excitation to be greatly enhanced
over that at 0 Mev. From this simple argument, cne can derive an
expression for this relative enhancement by counting the number of
values of the limar momentum perinitted the observed particle while
integrating over the coordinates of the umbserved nuclei within the
limits of the oonservation laws (sée Ha 69 and Go 71 for same simple

examples of this derivation). This result is generally familiar fram
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g-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 épace
distribution in an n-particle final state can be solved in general.

In the - center-of-mass frame

2 M
9 N 172 _ t .
<as asz) % B, <E ) (E3l)c.m.> (A2)
3 3 c.m. t 3

where

E=0Q+ (M2/Ml + Mz)'El

is the energy available in the center of mass frame; (E3)o . is the

center-of-mass energy of the detected final particle; and M, is the

total méss of all the particles in the final system (Ba 73). To convert

this quantity fram the center-of-mass to the laboratory frame of reference,

one uses simply the inverse of the Jacobian. - |
At same excitation, most systems become unbound to several decay -

channels. For example, 5H is unbound to (d + 3n) at 6.3 MeV above

its threshold for breakup into (t + 2n), while at 8.5 MeV, it becames

unbourd to (p + An) . The ratio of the appropriate phase space dis-

tributions with more than one channel open will be equal to the ratio

of the decay widths. For the systems that we have investigated

(i.e., %8, °H, and 7He), 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 previous phase space

0
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diétributim, on the assumption that the cross section is either a
constant or smooﬁhly varying function of the excitation energy.
Because of these complexities, we have not attempted phase space fits
that are a conposité of several of these distributions, but have only
fit the less ambiguous portions» of the spectra. Such a fit is acﬁieved '
by an arbitrary normalization of the expeéted shape to the experimental
spectrum. Even with fixed proportions of the various distributions,
it Qrould be difficult to perform composite fitting with much confidence,
since in a situation of several breakup modes, the'reg'ions near the
various thresholds may be distorted by the additional final state
interactians.

Deviations fram these phase space distributions can arise from
either a final state interaction; or from the reaction mechanism. As
an example, the reactimn could have a knock-cut mechanism.

2. Final State Interactions

An enhancement of. the yield above phase space is often called
a fiﬁal state interaction. BAny state wil‘l_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
vex_auple, if one were studying the 7Li (6Li,BB)5H reaction and saw an
enhancement above phase space, then this effect, if it were not an
artifact of the reaction mechanism, would be a final state interaction.
However, this additional yield could arise fr_cm the matrix element

éorresponding to the t + n + n interactions (5H) ,Or tothe n+n
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interac.tic'r'x (corresponding to 2n), or tothe t + n interactions

(4H) , or it might be a caﬁbinatim 6f 'all of these systems. Similarly,
at the higher breakup thresholds, mhéﬁcements might arise fram d + n

or p + n interactions, respectively. Also iﬂ 4y there ié known final
staté interaction between the t + n, but it is felt to oorrespond to,’
not only the ground state of 4H but also to the three other 1ow—1y1ng
levels (since all these states are qulte broad) .

There are two ways of removing this ambiguity. Interactions in the

‘mass 2, or 4, 6r 5 systems all have characteristic kinematic shifts so
that by collecting data af several anglés one ‘shoula 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 same group or groups of particles.
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APPENDIX B. REACTION DYNAMICS

1. Definitions and Relationships of Same 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 systém. Then for these calculations

Ecom. = Mp © B/ (Mg + MI‘)

1/2/h

kI = (Z-MI.Ec.m.)

- - [ 3 L ] 2
N =27 7 Zp T kg ?/ZEc.m.

= . h
VI kI /mI

= 16513 + a3

6,/26 = sin"H(1/((Rype * kp)/Tp) 1)

Ly ( ec) nIcot (90/2)

L(0%)

kI'Rint

BBpin(8e) = (2/ng) * sin(6/2)

(B. 1)

(B.2)

(B.3)

(B.4)

(B.5)

(B.6)"
(B.7)
(B.8)

(B.9)

(B.10)
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- Qeff = Q = ((Zp2¢  Z7Zq) ‘_ez)/RI (B.11) ¢
Qopt: = (Zg2g - 22p) ° Eg m,/212p ‘B°12)

In Brink's formalism

Ky = m - V/h (B.13)
where: m, = transferred mass
V = the relative velocity.

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