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ABSTRACT

A 8Be identifier of high detection efficiency was utilized to
investigate the (a,BBe) reaction on l60, 15N, l.4N, l3C, lzC, llB, loB and
9Be targets at bdmbarding energies between 65 and 72.5 MeV. Differential
cross sections .were measured from ec.m; = 20° - 70° for ;olid targets and
over a more restricted range for the nitrogen gas targets. Excitation
functioﬁs were obtained over a larger energy range for the 12C and.L6O targets.
At these energies;the (a,SBe) reaction was found to proceed predominantly via-a di-
rect O-cluster ?ickUp mechanism and to populate strongly.only those levels consist-
ent with this mechanism. The data were analyzed in the framework of the exact
finite-range distérted-wave Born-approximation. Absolute and relative
- o-particle speétroscopic factors were éxtracted for 22 ;tates using finite-
range DWBA. Good agreement was found between these expérimental values and

the theoretical predictions of Kurath and of Rotter for the extent of

O-clustering in these light nuclei.

[ NUCLEAR REACTIONS 'fo, !°n, '*n, '’c, '?c, ''s, !B,
9Be(a,eBe) Ey = 65 - 72.5 MeV; measured 0(Ef,0); energy
levels 12C, 11B, loB, 9Be,aBe, 7Li, 6Li,,sHe; resolution
400 keV; DWBA analysis, deduced Sy for 22 states,

comparisons with theoretical Sgy.
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I. INTRODUCTION

The existence and the importance of multinucleon correlations in
1,2 L, . . 3-7 . .
nuclei , and in particular of d-like four nucleon correlations , has intri-

gued physicists for decades. Recently, detailed theoretical calculations

9
'” and several

) . oL 10,11
reactions have been employed to verify experimentally these predictions.” '

have been made of the extent of O-clustering in light nuclei

Reactions involving the pickup or knockout of an o particle are good
. . . 6...12,13 3. 7. 14,15
probes of such correlations and in particular the (4, Li)™"'"", (THe, Be) '
16 . . A i . )
and the (a,20) reactions have been extensively utilized on light nuclei.
Because of uncertainties in the parameters of the theoretical models used
to describe these reactions, it is difficult to extract absolute
G-particle spectroscopic factors (Sa) from the measured cross sections.
However, relative spectroscopic factors as well as information on the reaction
mechanism have been obtained.
To complement the information acquired with the above three reactions,
. . 8
a very detailed study on lp shell targets has been made with the (0, Be)
. \ . T - 8
reaction. This reaction has an a priori simplicity because the "Be ground
state looks very much like two O particles weakly bound in a relative s-state;
. ' . , . 8
further, since the projectile, the transferred o particle and the Be ground
state all have zero spin, simple selection rules result. Although Be 1is
. -16 . ' - .
particle~unstable (tl/2 v 10 s), its ground state is long-lived compared to
nuclear transit times, and one should be able to treat it as a single nucleus in
. . . , . Lo . 17,18
a direct reaction. To investigate this sparsely utilized reaction '
, . . e ' 19 , . : 8
special identifier was developed which detects the particle-unbound Be nucleus.
Moreover this identifier eliminated from the spectra any contributions from

L . 8
transitions to excited states of Be.
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The presenf investigation was carried out at moderatély high bombarding
energies (65 - 72.5 MeV) where it was hoped that direct processes would dominate
and thus make possible the extraction of experimental spectroscopic factors.
All stable lp shell targets were investigated and the data were analyzed in the

framework of the exact finite-range distorted-wave Born-approximation (EFR-DWBA).

In section II the experimental method is described and in section III the
Absolute and relative Sa were extracted

experimental results are presented.
and are compared.to-theoretical Sa in section IV. Finally, a summary and

conclusions are presented in section V.
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II. EXPERIMENTAL METHOD

The study of reactions with 88e nuclei as the detected particles is
complicated by the fact that the 8Be ground state aecays promptly, and must
be observed indireetly by means of its breakup & ’'particles. The essential
problem lies in detecting these two particles with high efficiency, while at
the same time accurately determining the energy and direction of the original
8}3e eVént. | .

Detectioﬁ systems for 8Be reaction products fall into two general
categories: those wﬁich incorporate kinematic compensatidn19 of the energy
variation across tﬂe 8Be acceptance angle and those which do not.l7'20—26
The latter systemsblimit this energy spread by using collimators to define
theIBBe acceptance angle while the former utilize a peeition—sensitive—
detector (PSD) to measure the 8Be direction and hence permit kinematic
compensation. To ebtain a large effective geometry, a BBe detection system
must subtend a large solid angle. Hence, methods which rely on collimation
cannot simultaneously optimize both the efficiency and the energy resolution
for light targets since a small acceptance angle is necessary for small kinematic
broadening. However, if a PSD is used to measure both the direction and the
energy of a 8Be event, the detection efficiency and the energy resolution may be
optimized cencurrently with no restricfion on the acceétance angle.

A.counter—telescope system capable of identifying 8Be events is outlined
.below; it incorperates a PSD as an E-detector. To obtain selective 8Be identi-
fication, a subneﬁosecond coincidence between twin transmission (AE) detectors

is employed. This technique permits low cross section reactions (Z 0.1 ub/sr)

. 8 , e
to be efficiently studied at high counting rates (50 kcps). The Be identifier

r
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described in this paper iﬁcorporates a number of simplifying features and a
larger effective solid angle (1 msr) than our previously reported design for

_such a system.19
8 e '
A. Be Identifier .

The decay of the 8Be ground state is characterized by a single decay .
channel, a small breakup energy (Q = 0.092 MeV), two identical charged products
(o bafticles) and, since all the spins involved are zero, an isotropic distri-
bution of ﬁhe decay products in their center of mass. By designing a detection
system for high-energy 8Be events [E(8Be) = E8 > 35 MeV], advantage can be
taken of the strong kinematic focusing of the o particles.into a narrow bfeakup
cone (apek angle <6°) whose axis lies in the directioﬁ.of the original 8Be event.
The distribution of the breakup O particles is sharply peaked at the surface of
the breakup coﬁe; thus, in order to detect a substantial fraction of the 88e
events; a detector should subtend an angle larger than éhe opening angle of ﬁhe
"cone. For a large angular acceptance (10°), a considerable variation in the
detection angle (elab) of the 8Be events 1is possible.. Oq light targets (A < 16),
a typical value of dE/dO near 25° (lab) for the (u,8Bé) reaction at Ea v 65 MeV
is around 500 keV/deg. The substantial kinematic broadening that would occur
can be'compensatedifor by using a PSD.

A particle étriking a position-sensitive-detector generates both an
energy signal E, and a signal XE proportional to the product of its energy E
and its distance of impact X from one side of the detector; see Fig. 1. For
high energy 8Be events, the breakup Q-value is small'compared to the 8Be energy,
and so the two bréakup o particles have, to a good approximation, equal energies.
On striking a Psb,'éne a particle produces a signal XiE/2; the other, X2E/2.
Since both o partiglés arrive within a fraction of a nanosecond of one another,

“the individual E and XE signals are automatically summed and the resultant E
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8 . . .
signal gives the energy of the Be event. The position signal X obtained by

dividing out the energy dependence is given by: _' -
X = (XlE/2_+ X2E/2)/(E/2 + E/2) = (Xl + X2)/2.

In addition to having equal energies, the two O particles are detected at
. 8 o .
approximately equal distances from the axis of the Be breakup cone, which
. _ 8 .
corresponds to the direction of the original Be event as shown in Fig. 1.
. . L . . 19 8
Since this average position X establishes the direction”  of the Be event

(0

lab)’ substantial kinematic broadening can be compensated for by gating the
energy signals with.position signals corresponding to a small.angular range.

While good efficiency and energy resolution can be obtained with.a PSD
alone, numerous particle-stable nuclei would also be deteqted and obscure 88e
events except when .they happened to be more energetic;. To select only 8Be
events, a twin transmission detector is placed in front of the PSD as shown in
Fig. 1. This detector consists of a single silicon wafer with two AE counters
diffused side by side.27 By making a subnanosecond coincidence between these
detectors, 8Be events can be selectively observed as shown in Fig. 2a. This
fast coincidence not only eliminates particle-stable nuclei, but also eliminates
inter-beam-burst chance coincidence events, which, because of the microscopic
duty cycle of the cyclotron beam, come v 100 ns apart. .

In addition-this subnanosecond coincidence also removes a substantial -
fraction of the-in;ra—beam-burst pileup. When 8Be decays, the two breakup
0 particles have apéroximately the same energy and ‘thus their time-of-flight
difference (ATOE)’to the upper and lowér AE détectors is approximately zero.
The full width at the base of the peak in Fig. 2a (2 ATOF = 0.85 ns) illustrates
the similiar flight times of the two G particles and the central dip is the

effect of collimation on their velocity distribution.19 By performing a
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subnanosecond . coincidence between the upper and lower halves of the twin

AE detectors, the intra-beam-burst background can be reduced by a factor of
ten, since the Eyéical beam-burst width at the Berkeley 88-inch cyclotron is
approximately 5 ns-(at a fréquency of 9 MHz). Some further reductioﬂ in
background28 and ééditional selection of 8Be events ié_obtained by performing
particle identification with the summed AE and E signals as shown in Fig. 2b
(gBe identifies és if it were a 7Li eventls).

Sincé commefcially available PSDs give position information along their
longest diﬁensibn’ the largesf effective solid angle ana kihematic qempensation
are obtained by orienting the twin transmission detector as shown in Fig. 1.

In this configuratibn 8Be events can be detected over.an angular.spréad of
several degrees . with an almost constant detection efficiency. Characteristics
of this particular geometry and the other geometries employed in the various
experiments are given in Fig. 3 and Table I. Shown in Fig. 3 are the effective
solid angles Qeéf for several identifier geometries as a function of the 8Be
energy; Table I gives the geometry parameters employed. vThe effective solid
angle decreases at>lower energies due to the increasing size of the breakup cone
(Q = EQacc where Qacc is the acceptance solid angle and € is the detection

eff

efficiency: see Ref. 19 for further details).
B. Experimental Procedure

The experiments discuséed in this work utilized 55 -72.5 MeV O-particle
beams from the Lawrence Berkeley Laboratory 88-inch cyclotron. Intensities of
1 to 2 YA were readily delivered on target. Typical beam spot sizes were
1.5 X 2,0 mm and the beam energy resolution was 0.14%. ' To deflect low enerqgy
electrons, an 800 G permanent magnet was placed in front of the Be identifier,

which was mounted on a platform inside a 0.51 meter scattering chamber.
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iA pressure of N4 X lO”5 Torr was maintainea in this chamber and, to eliminate
carbon buildup on the targets, a hollow cylindrical liquid nitrogen cold trap was
placed along the beam axis immediately upstream from the target. The detectors
were placed close to the target (8 to 13 cm) for good detection efficiency.
Becausé several different versions of the 88e identifier were employed in the
course of these ekperiments, the effective solid angles varied from 0.15 to

o N\ g
1.3 msr (see Fig. 3 and Table I). An experimental Be energy resolution of
400 keV was obtainéd (important contributions to this arose from the radial
width of the beam spot and from the high counting fate (50 kcps)) .

: 10
Self-supporting 9Be, B(98%), llB(98%),l%; 1

3 '

C(90%) and SiO2 targets were
used in these experiments. Table II gives the target thicknesses and the detection
geometry employéd'in the particular measurement. Target thicknesses were

L . v 212 N .
determined by placing a thin Pb source behind each target and measuring the
energy loss of the o particles passing through it. In addition, for targets

: . L 2 . :
of natural isotopic composition, a 1 cm central circular portion was punched
out and weighed on a microbalance.
A gas target and recovery system was used in the experiments with
16 15

O_ and isotopically enriched ~ N. (99%) gases at a

, 14
~hemically pure - N2, 5 2

. ' . 8
pressure of 0.3 atm. To define the extent of the gas target from which Be

. L 19
events could be observed, a second, more forward collimator was also used.

For this two collimator system, the energy dependence of the detection efficiency

was estimated using a simple correction to the calculation for a single collimator.

Comparisons between data taken with oxygen gas targets and SiO_ targets were

2

used to normalize the gas target cross sections.

o
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Several surface-barrier position—sensitive-detectors29 with active
areas of 13 X 20, 10 X 30, and 10 X 50 mm2 and depletion depths ranging from
300 to 500 um were used. These PSDs all had position resolutions of 0.5%
to 1% of their length. Their measured energy résolution was 70 keV FWHM and
the observed change in pulse-height across their lenéth was 100 keV for 8.78 MeV
o particles.

vFully depleted phosphorus-diffused transmiésion detectors with depletion
depths of 100 to 200 um and active areas of 80 to 130 mm2 were fabricated at the
Lawrence Berkeley Laboratory.. Typically, these detectors gave a good signal-to-
noise ratio and heid a large voltage gradient (2 V/um),.ensuring fast (<1 ns) 
collection of the déposited charge. Subnanosecond tiﬁiﬁg'was possible‘with
theée detectors usiﬂg preamplifiers mounted outside tﬁe chamber vacuum and.simély
connected to the»defectors via a 500 coaxial cable 40 cm in length. The pre-
amplifiers gave bétﬁ a fast and a charge-sensitive (slow) output and were similiar
to those described in Ref. 19 except that the first stage FET was incorporated
in the preamplifier.

As indicated in the block diagram of the elecﬁronics for the_8Be identifier
shown in Fig. 4, the fast outputs of the AEL and AEU preamplifiers fed two constant-
fraction discriminators (CFD), which were connected to a time-to-amplitude converter
(TAC). The energy deposited in these AE detectors by o particles under our experi-
mental conditidns véried between 4 and 11 MeV, but no additional time-walk-with-
amplitude compensation was required for good time resolution, since 8Be evenﬁé
generate AEL and AEU siénals of approximately equal amplitude. Pileup rejectors
(PUR) on all three detectors eliminated inter -beam-burst chance-coincident events.
A simulated 40 MeV 8Be event gave a time resolution of 200 ps FWHM. Particle
identification PI, position X and time-of-flight ATOF gates were set with single

channel analyzers (SCAs); enerxrgy spectra, gated by these parameters, and routed
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by position were collécted on a 4096 channel analyzer. Gated PI, position and
ATOF spectra were monitored during the experiments. Dead times were measured
by comparing the number of pulser events (triggered by a monitor counter) in the
spectrum to the number of pulser triggers.

Duriﬁg an ékperiment, energy. spectra routed by up to four position gates
were acéumulated'in 1024 channel groups of the multichannel analyzer. At the
end of a run these data were transferred to an SCC-660 computer and written on
magnetic tape. Upon completion of an experiment, analysis of these energy
spectra was performed with an interéctive, Gaussian peakhfitting program.
The detection efficiency and effective solid angle fof a SBe event were_calculated

.. 30
with the program EFFCR.

III. RESULTS

In analogy to the analysis of direct single-nucleon pickup reactions,
one hopes that the main features of the four-nucleon pickup reaction (a,sBe)
can be understood by assuming that the four nucleons are transferred as‘a single
cluster having the internal quantum numbers of a free O particle. For the
nucleus B >~ A + ¢, the harmonic oscillator quantum numbers NLa describing the
motion of the & cluster with respect to the core A are given by the
relation (assuming that the internal quantum numbers of the cluster are

Zero)
. 4 ’
2(N-1) + L = E (2(n, - 1) + 2] (1)
(¢4 9 1 1
i=1
where niZi are the shell model quantum numbers of the 2 protons and 2 neutrons

which form the cluster. Thus, for & clusters in the 1lp. shell, the values of

NLa are restricted to 3S, 2D and 1G.



Py

00 U44d4u449oy

-11- o LBL-4368

. . ' 8 . .
Since the projectile, the outgoing Be (treated as two O particles in
a relative s-state) and the transferred cluster all have zero spin, quite

. ;o , . . 8
restricted selection rules apply to the assumed simple direct reaction B(Q, Be)A:

: > ) ->
for total angular momentum transfer J and orbital anaular momentum transfer L

J=L=3 -3 =1 AT = (-7 | (2)
i N & - '

wherevza is thé.orbital angular momentum of an & cluster in the target nucleus B.
In additioﬁ'the isospin change is given by AT = 0. Thus for target nuclei having
ground state spins éf 0 or 1/2, the transferred angular moméntum L has a unique
value'for transitioﬁs to any final state. A summary-of:aii the low excitation
final states which possibly could be populated by the (q;SBe) reaction in the

31,32

lp shell is presented in Table III. Measured excitation’ energies and peak cross

sections are given and, where determined, upper limits are indicated for very

8,9

weakly populated states. The theoretical spectroscopic factors are also

tabulated. If a final state can be populated by several different orbital
. L ,

angular momentum trénsfers, the sum S = E S o is given. All final states popula-

Lo

ted by the (G,SBe).reaction will be discussed below. The measured angular distri-
butions will be presented with only statistical error bars on the data points;
this indicates the felative error although the absolute cross sections could be

in error by as much as 30%. Section IV discusses the fitting of the exXperimental

angular distributions.

6 8 2
A. L o(a, Be)l C

Both SiO. and oxygen gas targets were utilized in this investigation of

5
16 8 12 . 8 ' o .

the 0(a, Be) C reaction. A Be energy spectrum (elab = 22.5%) obtained from

a SiO, target (145 ug/cm2) at a bombarding energy of 65 MeV is shown in Fig. 5.

2

The observed energy resolution is 400 keV (FWHM) and transitions can be. clearly

: 12
seen to the ground and first excited states of =~ C. Several small peaks due to

/
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28 . 12 ) . - '
~S1 or a C contaminant in the target appear between the two large peaks.
+ 31 .12 . .
The 4 , 14.08 MeV level in C 1is only weakly populated at this angle; however,
transitions to it were observed consistently with moderate strength (see Fig. 6)
+ -
at most angles. Both the 0 , 7.65 MeV level and the 3 , 9.64 MeV level are not
significantly popﬁlated at 22.5° although they were regularly observed with weak
strength (see Fig. 6). Furthermore, over the angular region investigated, no
. ' - +
evidence was discerned for the population of the 2 , 11.83 MeV or 1 , 12.71 MeV
unnatural parity states; the l—, 10.84 MeV level; or the T = 1 states above 15 MeV
excitation.
The observed weak population of the 3 , 9.64 MeV state requires an L =3
transfer for the simplest case of O-particle pickup. According to equations 1 and
2 such a transfer is impossible if all four particles are transferred within the
’ 33
lp shell. However, this state may be formed via known 2p-2h and 4p-4h admixtures
. . 6. . .34
in the ground state wave function of O or via possible 1s shell components in
12 - . - o
the C 3 state wavefunction. Alternatively, the 3 state could be excited in
a multistep or compound nucleus process so that its relative population may give
an indication of the importance of such a process relative to a direct transfer.
It should be noted that the ratio of the peak cross section of the 3 relative to
the ground state at this energy is 0.37 whereas at lower bombarding energies
this ratio was observed to be “V1.
. . 8 , ' 12
Angular distributions of the (0, Be) reactions to the ~~c(g.s.), 4.44,
7.65, 9.64 and 14.08 MeV states are given in Fig. 6. Both the L = O ground
state transition and the L = 2 transition to the 4.44 MeV level show oscillatory

behavior. The angular distributions for the three higher excited states are

fairly structureless with the cross sections increasing slightly at forward angles.
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B. lSN(a,BBe)lle

At an incident energy of 72.5 MeV, the 15N(a,gﬁe)llB reaction was studied
with a simple identifier19 which did not require a subnanosecond coincidence
between the two AE detectors. 1In Fig. 7a is shown a typiéal spectrum obtained
at a gas pressure of 0.27 atm. Beéause the effective aréa of the PSD used in
this experiment was only 10 X 10 mm2, it waslnecessary to place the counter
telescope close to the gas cell wall to obtain a reasonable detection efficiency
(see Table I).--The resulting extended target, along with straggling in the cell
windows, causga the-pobr energy resolution of V800 keV. The 3/2-, ground; 1/2—,
2.12 MeV;'5/2", 4.44 MeV and 7/2°, 6.74 MeV states . have large theoretical s,
(see Table III) and strong transitions are seen at théée excitation energies in
Fig. 7a. Although'the 5/2_, 4.44 MeV and 3/2—, 5.02 Mev levels are not resolved
in this spectrum,.they were resolved at @lab = 15° sh&Wing population of the
former. In addition, the measured excitation energy of 4.50 £ .07 MeV for this
combined peak indiqates that the 5/2  state (which has the larger theoretical Sa)
was systematically populated more strongly than the 3/2° state.

No evidence was observed for transitions to the‘two positive parity states
at 7.29 and‘7.§8 MeV. Thus a third positive parity level at 6.79 MeV was assumed
not to be populated, and transitions to the peak observed at 6.75 MeV are
attributed to the éxpected strong transition to the known 7/2- level at 6.74 MeV.

Angular distributions corresponding to transitions to the first four
peaks‘of Fig. 7a are discussed in Section IV. Since fhe 15N ground state has a JW
of 1/27, tréﬁsitions to all final states in llB should correspond to unique L

values; however, no strong oscillatory behavior was observed.
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1

- C. 4N(oc,8

Be)loB.

. ' 8 . 14 . s
A brief survey of the (&, Be) reaction on a N, gas target was carried

2
L . ‘ . .. 19 15
out at an incident energy of 72.5 MeV with the same identifier as for N.

Three angles were studied between Ol = 18° - 28° with an energy resolution of N

ab
800 keV. An‘energy spectrum taken at Oléb = 18° is shown in Fig. 7b; the predic-
ted locations of transitions to states below "6 MeV excitation are indicated.
N s o 32 ‘
No evidence was observed for the excitation of the T ='1 states occuring at
1.74 and 5.17 MeV in accordahce with the AT = 0 selection rule. Strong transi-
, + - + - +
tions were obseryed to the 3 , ground; 1 , 2.15 MeV; and 2 , 3.59 MeV states,
all of which have feasonably large theoretical Sa (see Table III). The observed
: + .
state at 6.07 £ .08 MeV may correspond to the known 4 level at 6.02 MeV which
: +
has a large theoretical Sa' A weak transition was observed to the 1 , 0.72 MeV
+
state and a very weak one to the 3 , 4.77 MeV state; no transitions above
) + . .

background were observed to the 1 , 5.18 MeV state, which has a small theoretical
S .
a

The available angular distribution data span a very limited angular range
and are discussed in Section IV. Over this restricted region the magnitudes of the
experimental angular distributions for the four strongly populated states are
similar.

p. c(a,®se) Be

o 13 8 9 . . :
A representative spectrum of the C(a, Be) Be reaction induced by 65 MeV ~
o-particles and with a energy resolution of 480 keV is shown in Fig. 8a. A 135
2 . 13 .9
Hg/cm” self-supporting C target was used. There are four states in Be below
7 MeV excitation which have large theoretical Sa. Strong transitions to two of
- - 32
these levels (the 3/2 , ground state and the 5/2 , second excited state )
dominate the experimental spectrum. As expected for tHe pickup of an o-cluster

+ ) . +
in the lp shell, the 1/2 , 1.68 MeV state is not populated nor is the (3/2) level
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at 4.70 MeV. If tﬁe additional positive parity 5/2+,,3.06 MeV ievel was also

not populated, transitions to the broad 1/2—, 2L78 Mev.state account for the gmall
shoulder on the 5/2_, 2.43 MeV peak. Transitions to the broad (' = 2.0 MeV)

7/2—, 6.76 MeV peak could not be observed above background. Since the 13C

ground state has a‘JTT = 1/2_, transitions to all finél states in 9Be correspond

to unique L values. Angular distributions for the L = 2 transitions to the

3/2- ana 5/2f leyéls are given in Sectioﬁ IV; quite flét distributions were

observed.

12 8
E. Cl(a, Be)8Be

A 8Be energy spectrum of the l2C(OL,BBe)8Be reaé£ion taken at Olab = 25°
is shown 'in Fig. 8b. This spectrum was obtained by bombérding a 200 Ug/cm2
carbon target with_és MeV 0 particles. The observed energy resolution of the
8Be ground staté peak in Fig. 8b is 450 keV. Transitions can clearly be seen
to the 0+, grouhd and 2+, first excited states3? with'pdssible evidence
for weak population of the broad ( I' v 3.5 MeV) 4+ level at 11.4 MeV. At Ea =
72.5 MeV stronger evidence was observed for the population of this 4+ level.

. However, the‘2+ (mixed isospin) states at 16.63 and 16.91 MeV were nét oﬁservably
.populated;, Marion and Wilson35 have shown that these states have a dominant single
particle nature. _Ah upper limit of 10% of the ground.stage strength could be
placed on the population of these mixed isospin levels which is éonsistent with
their small theoretical Sa.relative to that of the grqund state (see Table III).

Experimenﬁal angular distributions of the transitions to the ground and
first excited states of 8Be are discussed in Section IV. The L =0 and L = 2

transfer both show oscillatory behavior.
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~-16~
) o1, 8. 7.
) F. B(o, Be) Li
11 8 7. CL ) .
The B(a, Be) Li reaction was investigated briefly at Ea = 72.5 MeV
(Olab = 20°) and more completely at Ea = 65 MeV. Target thicknesses are giveﬂ =

in Table II. Results at both energies are very similar and the Be energy
spectrum obtained at the higher energy is shown in Fig. 9a. Strong transitions
‘to the 3/2_, ground and 7/2-, 4.63 MeV states32 are oﬁserved and weak ones to
the 1/2-, 0.48 MeV state and the two 5/2- states at 6.68 and 7.47 MeV. Tha
ground and first excited states are poorly resolved and there is a sizable
uncertainty (20%) in the strength of the transition to the latter altho&gh it
is populated withrsurprising strength (see Table III); States above 8 MeV
excitation are very weakly populated and an upper limit of “6% of the ground
state strength can be determined for these states. This limit is consistent
with the small calculated Sa for the 3/2—, 10.25 MeV ét;te and the AT = 0
selection rule which forbids populating the 3/2—, T = 3/2, 11.25 MeV state.

At 65 Mev, éngular distributions were obtained for the strong transitions
populating the 3/2f, ground and 7/2_, 4.63 MeV states of 7LiV. These transitions

involve two L transfers and the angular distributions (see Section IV) are rather

structureless with an almost constant amplitude.
10 8 6.
G. B(a, Be) Li

An investigation of this reaction was carried out by bombarding a
. 2 , 1 . .
i50 ug/cm” self-supporting OB(98%) target with 72.5 MeV O particles. As seen -
. . ] 6_ . 32 + +
in Fig. 9b only two Li levels, the 1 , ground state and the 3 , 2.18 MeV

' 3 +
level are observed. This spectrum is dominated by transitions to the 3 level
which has a large theoretical Sa (see Table III). Predicted locations for
e + +

transitions to the 2 , 4.31 MeV and 1 , 5.7 MeV states and the T = 1 states
at 3.56 MeV and 5.37 MeV are also indicated. An upper limit of 4% of the

strength to the first excited state can be set on the population of these levels.
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. , 8 .
Kuratﬁ?predicts small S for the former two states, while Rotter's predicted
large Sa are inconsistent with the experimental evidence (see Table III).
Transitions to thé T = 1 states are forbidden by the AT = 0 selection rule.

' 6_. . . .
It should be noted that the Li(g.s.) is populated fairly weakly in accordance
with its small Sa (see Table III). The angular distributions of the transitions
. . 6 . .
to both the ground and first excited states of Li have an almost constant
. , . + . 10 .

amplitude  (see Section IV). Due to the 3 spin of the B (g.s.), multiple L

values are allowed in both of these transitions.

H. 9Be(OL,SBe)SHe

The 93e(a,8Be)5He reaction Qas'observed at several forward angles at a
bombarding enérgy of 65 MeV. 1In Fig. 10 is shown a 8Be energy spectrum which
wasvobtained athlab = 24° by irradiating an 130 Ug/cm2 9Be target. Only the
3/2_, ground stateB? of 5He, which has a large theoretical Sa' was observed
(see Table IIIj. The 1/2_, 4 MeV level, which has é small Sa, is difficult to
observe because of the large background and its broad width (I = 4 MeV).

+ .
The narrow 3/2 , 16.76 MeV level is not a simple lp shell state and, as expected,
' A

is not observably populated.
I. Excitation Functions

A direct reaction mechanism should give rise to a smooth variation of
the shape and magnitude of the differential cross section with increasing

. . ) . 12 8 8
bombarding energy.. To determine in particular the nature of the c(o, Be) Be
g.s. reaction near 65 MeV, an excitation function was studied and measurements

in small angular steps were taken over the maximum in the angular distribution

near ©
c.m

- .

= 35°.>”Data obtained at E = 63.2,65.2, 65.8, 66.6 and 67.3 MeV are shown
in Fig. lla. The angular width of each data point is V1% and the error bars

shown are statistical. Upon examining Fig. lla, it is clear that the magnitude
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of the differential cross section is a smooth and slowly decreasing function
of the bombarding eneray. The shape of the two observed maxima varies slowly

with the incident energy.

An excitation function of the (a,SBe) reaction on l6O was also established.
Transitions to the ground state of 12C were measured at incident a energies of
55, 60, 65, and 72.5 MeV. The behavior of the data taken at Ea = 65 and 72.5 MeV,
the lattef over a limited angular region, is similar to that observed on lZC,
However, the angular distribution at 55 MeV is quite different from that at the
higher two energies. and 60 MeV may be a transition region.. Thus, at Eu é 55 Mev,
processes other than direct ones could be important in the 16O(a,BBe)lZC g.s.
reaction; this wasrthe conclusion reached by Brown 33.31.17 for incident energies
over the range 35 - 42 MeV. It is possible, of course, that this difference
partly reflects a strong dependence of the direct transfer amplitude on the
entrance channel optical potential and on the momentum distribution36 of the
bound o particle in l60. However, it would appear from the overall spectroscopic
seiectivity that we observe and the behavior of the angular distributions at
65 MeV and above that the reaction is predominantly direct.in this energy region.

J. Comparison of (a,BBe), (d,6Li)}
(3He,7Be) and (&,20) Reactions -

The relative population of final states by the‘(a,SBe) reaction on
1p shell nuclei is in general in good agreement with the previously reported
(d,6Li) and (3He,7Bé) results at high bombarding energiésls’37 and with the
assumption that fhese reactions proceed via a direct 0~cluster transfer.

Only final states with the same parity as the target were appreciably populated
with the notable exqeption of the 3-, 9.64 MeV level in 12C,which was made with

moderate strength by all three reactions. In general the three pickup reactions
|
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strongly populated only final states with significant theoretical Sa. Transitions

. - 8 . L
to the mixed isospin 2+ levels at 16.63 and 16.91 MeV in Be comprise an exception
' ' '8 ,
to this rule. These levels were not seen in the (¢, Be) reaction, as expected
from their very small a-particle spectroscopic factors, whereas both the (4, Li)
and (3He,7Be) reaétions populated them with moderate strength. From a comparison
of the 1lp shell systematics for these a-pickup reactions, it seems clear that
a direct mechanism. dominates at high energies. However, the (o, Be) reaction
appears to be somewhat more selective in populating predominantly final states
with the same parity as the target and in only populating levels with large
O-particle spectroscopic factors.
: 8 . . :

Since the (d, Be) and the {(0,20) reactions share the same entrance

channel and have very similar exit channels, it is interesting to compare these
. 12 . 16 ) ‘ ,
reactions on C and =~ O targets. A very prominent systematic feature observed
in a study of the (0,2a) reaction on even-even lp shell and 2s1d shell targets
16 , S

at Ea = 90 MeV was the predominance of the ground state transition at the

: . 3 8 12
symmetric quasi-elastic angle. In fact the Be and C ground states were
observed in the (0,20) data to be populated a factor of two and four, respectively,

. . . 6. 3 7
larger than their first excited states. In contrast, the (4, Li), ("He, Be) and
5 .
(a,SBe) reactions all preferentially populated the Be (2.94 MeV) state larger
p pop g
. . . 12 .

than its ground state and populated the C (4.44 MeV) state a factor of 3 to 4
times stronger than its ground state. This apparent disagreement has been

resolved by Chant and Roos38 who showed that the low excited state cross sections

were the result of distortion effects.
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IV. ANALYSIS AND DISCUSSION

The selectivity of final states populated by the (a,8Be) reaction and , _
the smooth dependénce of the shape of its differential cross section on the
bombarding energy (at or above 65 MeV) imply that this reaction can be analyzed
in the framework of direct reaction theory, i.e., via the distorted-wave Born-
approximationr(DWBA). The application of this theory is based on the assumption
that the reaction proceeds by a one step pickup of an "o-cluster" (2 correlated

protons and neutrons in an S = T'= O state).
A. DWBA Calculations

In the distorted-wave Born approximation, the differential cross section

— 8 . .
for the reaction B(qa, Be)A is given by:

do \ L 8 L
= (@):E s¥(Boa+a) s (“Bevara) ol (O) . (3)

where L runs over all the allowed angular momentum transfers according to

. . . . L :
Equation 2. The kinematic part of the cross section, ODWBA’ was calculated

. . 39 . : .
using DeVries' EFR-DWBA code LOLA. The optical model potentials needed to

generate the distorted waves in the entrance and exit channels were determined

. s . . . 13 14
by fitting tabulated O-particle elastic scattering data on c, cC, N and

4

5 ' '
N at 40.5 MeV40 and on 16O at 65 MeV41 with the search code GENOA42.

The scattering data for each target were fit individually with Woods-Saxon

potentials having both real and imaginary volume terms. For each of the targets

>

13 14 15 .
c, N and N there was a single potential, given in Table 1V, which gave the

. . . 12 16
lowest chi-squared fit to the scattering data on that target. For C and o,

two or more potentials fit the elastic data equally well and thus the one which
o 8 . . .
best reproduced the shape of the (&, Be) -angular distributions was selected

(see Table IV). The sensitivity of the shape of the calculated cross sections
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to the entrance channel potential made this choice straightforward. For the
9 10 11 8 . ' :
Be, B and B targets no tabulated scattering data were available in the
appropriate energy region. Thus a potential from the literature (similar
13 ) . .
to the above C one, see Table IV) which reproduced 46 MeV O-scattering on
1 .
B was used.
. . 8
In order to approximate a potential for the particle-unstable Be, GENOA
. ; . ) 9 .
was used to determine an optical potential which reproduced 50 MeV "Be elastic
, 44 12 . . : . .
scattering data on C (potential AA in Table IV). A second potential with a
larger real well depth was also tried. This latter potential caused a small

,

change -in the magnitude of the fits and virtually no change in the shape.

Since the 16O(d,8Beﬂ2C reaction calculations were foundvto bé relatively insensi-
tive to the exit éhannel potential and no 9Be elastié scattering data existed

for the other exit channels, potential AA was used to generate the distorted
waves in the 8Be.;hannel for all of the lp shell targéts.

The bound state wave functions which.describe.the motion of an o cluster
in the target nucleus B and in 8Be were calculated in the usual way using a real
Woods-Saxon pdtential whose well depth was adjusted to give the observed O binding
energy. The radius of the Woods-Saxon well describing'the target nuclei was
chosen to be R = roAl/3. An ro of 2.0 was used for al; targets; this gave a
radius which was larger than the physical size of the core A. This larger radius
could correspond to thg transferred O-particle existing at the surface of the core.
Decreasing r fromv2.0 to 1.2 had only a small effect oﬁ the shape of the fits
but caused a strong deqrease in the magnitude of the cross section.

Although 8Be is unbound by 92 keV, it is effectively bound by its Coulomb
barrier during the reaction time. To generéte a bound state wavgjfunction for

. . 8 . ‘ . .
the calculations, it was assumed that the Be internal wave function varied

smoothly and slowly when its binding energy was changed from -92 keV to +10 keV.
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The 88e internal wave function was ‘then calculated for an o particle bound to

"a second one by 10 keV in a Woods-Saxon wéll‘with a radius of 3.2 fm. (Changihé
the binding énergy from 100 keV to 10 keV produced no change in the shape of the
calculated cross sections and only a 7% decrease in their magnitudes.)

In deriving experimental spectroscopic‘factors, we have tried to
maintain consistent criteria for choosing the center of mass angle at
which tovrelate experiment and theory, since the shapes of the calculated and
experimental cross sections are not identical. If an experimental maximum existed
in the aﬁgular distribution, the theoretical and expefimental yields were compared
at this angle. For thé flatter angular distributions, the spectroscopic factor
was calcﬁlated at a data point between O m. S 25 and'35°. A comparison of the
experimental Sa with Kurath's theoretical onesgis presented in Table V.

The values of the theoretical a-particle spectfoscopic factors-SL(Q*A+a)
in Eq. 3 were taken from Kurath9 and from Rotters. For S(8Be+u+a) the theéretical
value of 1.5 was taken from Kurath9; The calculated cross sections ana the
experimental data are shown in Figs. 12 to 17 and are diséussed in the following
section.

. B. Comparison of Theoretical and Experimental Cross Sections

For most nuclei, Kurath's9 and Rotter'sglspectroscopic factors are in
good agreement. Siﬁce Kurath gives spectroscopic factors for all the lp shell
targets, the theoretical cross sections shown were calculated using his values
unless otherwise noted. For Figs. 12-17 the width of each data point corresponds
to the angular acceptance of the 8Be identifier used in- the measurement.
Furthermore, if the statistical error exceeded the height of the data point, it

is given in the figure.



-23- ' _ LBL-4368

16 :
1. o(q,sse)lzc

A comparison of the (u,BBe) experimental (symbols) and absolute calculated
(solid curves) cross sections for transitions populating tﬁe l2C ground state and
several excited states is shown in Fig. 12. The simiiar magnitudes of the
experimental and calculated cross sections éemonstrate good agreemént between
the theoretical o-particle spectroscopic factors aﬁd experiment (see Table V).
The.shapes of the theoretical cross sectiéns reproduce éome of the features of the
exPerimental data - most notably the relative spacing and magnitude of the two
forward ﬁaxima in the ground state angular distribution. Furthermore, the damping
of the oscillatory-character'observed experimentélly in the L = 2 and L = 4 angular
distributions, compared to that of the L = 0 gfound state, is also reproduced by the

calculations.

15,14 8,,,11,10,

2. N(o, Be)

For the 15N.target the magnitudes of the éxperihental and theoretical cross
sections are generally in' fair agreement (see Fig. 13). The structureless shapes
of the e#perimeﬁtal L = 2 and 4 angular distributions are qualitatively reproduced
by the calculationé, but the theoretical L = 0 aﬁgular distribution shows more
pronounced osqillations than does experiment,

Over the very limited angular range studied on the 14N target, the experi-
mental cross sections,are structureless and relatively constant (see Fig. 14).

The theoretical‘célqulations generally reproduce this feature as weli as the cross
section magnitudes. It éhould be noted that all of these transitions to loB have
an angular momentum transfer of 2 or greater.- For transigions involving more

than one L value, the incoherent sum of the contributions to the cross section

from both values is shown in Fig. 14.
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13,12 8

9,8
3. c(a, Be) Be

13 .
The structureless shapes of the C data (see Fig. 15) are reproduced’
by the calculated cross sections although the yields are overestimated at forward
angles and underestimated at backward ones. The shapes of the angular distribu-

: 12
tions observed from the

C target (see Fig. 15) are poorly réproduced by the
fits which severely overestimate the magnitude of the ‘cross section at forward

angles. However, the magnitudes do agree in the region of the experimentally

observed maxima near 40°.

4. ll'loB(a,BBe)7'6Li and 9Be(a,8Be)5He

11 10 9

For the B, B and Be targets, two or more values of L are allowed.
Fig. 16 shows two examples which illustrate the relative contributions from each
L value to the shape and magnitude of the theoretical cross section (Rotter's

L . 6. .
values of 8 were used). The transition to the Li ground $tate can proceed by
the pickup of an 0 particle with an angular momentum of 2 or 4 with the L = 4
component making the dominant contribution; for the Li{(g.s.), L = 0 or 2,
with the L = 2 component dominant. Since the Kinematic factors for L = 0, 2 or
4 transfer are comparable, the magnitude of the cross section for a particular L
value in these. two cases directly reflects the magnitude of the theoretical Sa.
- 10 . - .
For reactions on B the theoretical Sa of Kurath and of Rotter differ
. 9 11 ' i
somewhat, though for reactions on “Be and B they are very similiar (see Table III). -
. . 9 . 8

In Fig. 17, calculated curves using both Kurath's™ (solid) and Rotter's (dashed)
Su are presented. Disagreement with experiment is greatest for the transition

6_. ‘ . . L ‘ . .
to the Li (g.s.); however, the difference is small in absolute magnitude since

the transition is predicted to be very weak. The magnitudes of the calculated

cross sections are roughly comparable to the experimental ones for the transitions
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6 T 7.
to the Li (2.18 Mev), Li (g.s.) and Li (4.63 MeV states; however, the
flatness of the experimental data is not reproduced. For the very limited
9 ' ' . : .
Be target data the theoretical curve follows the slope but overestimates the

magnitude of the differential cross sections. The poorer quality fits for

, L9 10 11 ‘ R
the reactions on the "Be, B and B targets could be due in part to the fact
that the exit channel elastic scattering may not be well described by potential

o : 9 : 12 L

AA (see Table IV), which was obtained from “Be scattering on C. In addition
the reaction calculations are sensitive to the entrancé‘channel optical parameters,

. | . 9 10 o -
but a~particle scattering data on Be and B were not available and thus

) . . 11 .
potential E (derived from a-scattering on B) was used of necessity.

C. General Comparison of Theoretical and Expérimental
a-Particle Spectroscopic Factors .

’ . o : abs . .
In Fig. 18a are shown ratios R of experimental to theoretical Sa

(see also Table V) where Rabs is defined by:

abs _ Sv(exp) - do/as (e)exp.
~ S(theory) dO/dQ'(@)th

R

For consisteﬁcy, Kurath's théoretical G-particle spectroscopic factors9 are
used for all targets. In general these ratios lie below the dashed line at
Rabs = ;.O, buﬁ aeviate from it by less than 50%. (Of course this comparison
s veryrsensitiVe to systematic érrors either~in the experimental data or in
the feaction calculatiéns; an é#éﬁple of the latter is that the magnitude of
the calculated cross.section is éffected by the value of rO used in.calculating

. o ' : 6. . .
the bound state wave functions). The Li (g.s.) point is off-scale because of

its very small theoretical Sa.
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In order to minimize systematic errors, the above ratio of spectroscopic
abs - . ' L
factors, R , was divided by the ratio for the ground state transition. The

ratio R*®! is defined by:

rel R¥PS(B a2+ a) .
R = s . : (5)
‘R (B >A (g.s.) + Q)

' . \ . . _rel , .
Part b of Fig. 18 presents this relative ratio of Sa;‘R . is again plotted
against the final state populated. Better agreement between experiment and
. . . . : r
theory is seen in Fig. 18b in that the .values of R el_cluster closer to 1 than

those for Rabs_in Fig. 18a with only four values of Rrel

farther than * 50%
. 6 . . . . . .
from unlty,the Li(g.s) point is again off scale. Relative spectroscopic factors
for the individual transitions are also presented in Table VI.
Several previous investigators have measured G-particle spectroscopic
' 6_.
factors for the ground state to ground state transitions utilizing the (d, Li),
3 7 .
("He, Be) and (0,20) reactions on lp shell targets. These results were typically
o . . . 1 8
reported as relative spectroscopic factors normalized to 1 for the C > Be (g.s.)

46-48 . o
two theoretical and several experimental Su are compared

transition. In Table VII
. 12 8_ . . ' .
(with S(7°C » Be (g.s.) + Q) = 1) ; it can be seen that the two theoretical
predictions are very similar.
Comparing the experimental spectroscopic factors to the theoretical
D 8 . .
ones, it is clear that the (0, Be) results are in moderate agreement with theory,
particularly on the heavier targets. Some scatter is observable in the various
. 6. 3,7, ' . '
{d, Li), ("He, Be) and (0,20) data in the table. However, the agreement among
some of the experimental measurements is encouraging considering the different
reactions and the wide range of bombarding energies employed. The experimentally
: 6_. C o 10
observed strength to the Li (g.s.) may indicate that B has a larger amount
of this parentage than is theoretically predicted; however, since this transition

is predicted to be very weak, other reaction mechanisms which are normally

negligible could acéount for some of the observed strength.
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V. SUMMARY AND CONCLUSIONS

An investigation of the (a,sBe) reaction at high bombarding energies
on all stable 'lp shell taréet nucleivhas been presented. This study has shown
that the ka,SBe) reaction can be'undefstood in’terms>of a simpie 0~cluster pickup
process which has been previously used to.describe sﬁccessfully the major features
of the (d,GLi) and (3He,7Be) reactions. A systematic feature which emerged from
thie inﬁestigation was the strong populatioﬁ of only those states which are
preaicted to have significant a-particle spectroscopic factors. This selectivity
is evidence that.the (a,SBe) reaction proceeds vie a simple a-cluster pickup
process!b fhe reletive population of final states viaithe (u,BBe) reaction on
lp shell nﬁclei was geﬁerally in good agreement with the previously reported
(d,6Li) and (3He,?Be) results. However, a noteble eXception to this arose in
that, while no_pcpulation of the mi#ed isospin states at v16 MeV in 8Be by the
lzc(a;sée) reaction was expected or observed, both the (d,6Li) and (3He, Be)
reactions moderately populate these levels of dominant‘single—particle character.

The probableboccurence of a cluster pickup mechanism for the (u,BBe) reaction
greatly simplifies the theoretical description. In 6rdef to extract O-particle
spectroscopic factors for comparison~with theory, the data were analyzed with
exact-finite range DWBA. These reaction calculations were found to be sensitive
to the optical potential describing the entrance channel elastic scattering, but
rather insensitive to the exit channel potential. Both absolute and relative
spectroscopic factors were extracted for 22 states which are generally in good
agreement with the theoretical predictions of both Kurath9 and Rotter8 as to the

extent of O-clustering in these light nuclei.
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The selectivity and good quantitative agreemént with theoretical
predictions illUsérate that the (a,SBé) reaction is a useful spectroscopic probe
with which to measure the extent of Q-clustering in nuclei. Furthermore the
iarge solid angls 8Be'identifier described within will facilitate‘similiar studies

on heavier nuclei.
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Table I. Be Identifier geometry for several different experiments.

; . . a .
Experi- Target to Collimator® Diameter®  Width Helghta Post or b Position® Acceptance
ment PSD Distance Gap-width Gate-width Angle (®Be)
(cm) (cm) (cm) (cm) . (cm) (cm) ~ (Geg)
I , 8.00 circular .83 - - .28 (W) .12 0.9
11 . 13.00 rectangular - 1.12 . 1.25 .30 (V) .25 1.1
IIT 7.45 gas - .78 .81 .24 (V) .26 2.0
Iv 13.35 rectangular - 1.51 .98 .19 (V) .53 2.3
\ 13.05 rectangular - 2.00 .99 .09 (H) 1.07 4.7

a . . . .
Projected dimensions of the collimator on the PSD.

_EE_

b . . I . 19 , .
Projected dimension on the PSD of the divided collimator post-width or the gap-width of the
undepleted region’?® between the twin transmission detectors. The letters V or H indicate '
whether the gap was vertical (V) or horizontal (H).

c : _ . . ,
If more than one position gate was set, only the summed width is given.

ﬁThe‘distances from the target to the. gas collimator (L;) and from this collimator to the

_'second one (L) were 3.60 cm and 3.85 cm, respectively. Only the dimensions of the second
collimator are listed above. The dimensions of the width, height and post of the front gas
collimator were 0.38 cm, 0.38 cm and 0.12 cm, respectively.

|9¢ 141

Fa g

b

bos

[
£y
fit

4

e
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‘Table II. Solid and gas target thicknesses.

Gas Targets

Experi- E S Solid Targets » ~ Pressure Temperature
ment (MeV) B {Hg/cm®) _ (atm) ¢y
9 105 1l 12, 13, 16 14N2 15N2 l4N2 15N2
(90%) .

I 65.0 ‘ 100 50 - 220

II 72,5 150 100 305 210 -

III 72.5 305 .33 .27 27 27
Iv 65.0 130 200 135 145

Y 60.0 240

%Thickness of Sioz'targets.
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Table III. Experimental peak (a,?Be) cross sectionsvar_the population of a
final.state and the predicted O-particle spectroscopic factor for
transitions to that state.

Pfoduct Known Levels® Observed Levels Peékaross a

Nucleus - E Section b -

MeVv J- - T MeVv #kev Ub/sr. Kurath Rotter

120 0 ot 0 0 23 .23 .23

4.44 P 0 4.42 40 42 1.30 ' 1.26
7.65 ot 0 7.67 50 3.4 06
9.64 - 0 9.65 50 8.6

10.3 (0" 0 <1

10.84 1 0 <1

11.83 2" 0 <1

12.71 1 0 <1

13.35 (27) 0 <1

14.08 4" 0 14.06 100 13 . 2.38 2.44

g 0 3727 1/2 0 8.7 .41

2.12 1727 /2 2.10 40 11 .20
4.44 5/2” 1/2  4.50 70 9.2 .29
5.02 3/2° 1/2 .11
6.74 7/2° 1/2 6.75 40 9.2 1.09
6.79 1,27 1/2

7.29 (3/2,5/2)+ 1/2

7.98 328 12

104 0 3" 0 0 8.6 .70

0.72 1*‘ 0 . .13
1.74 of 1
2.15 1+ 0 2.11 50 .18
3.59 2* 0 3.58 60 .35
4.77 3" 0 4.76 70 1.0 .05
5.11 2 0 "

(continued)
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Table III.

(continued)

LBL-4368

Product Known.Levels_a Observed Levels Peak Cross S“
Nucleus . - . Section ) b‘ .
MeV J T MeV tkeVv ub/sr Kurath Rotter
104 5.17 2t 1
5.18 l+ 0 .07
5.92 2" 0
6.02 4t 6.07 80 7.2 .40
6.13 3"
%Be 0 3/2” 172 © 19.4 .41
1.68 12" 1/2 |
2.43 5/2 1/2 2.39 40 9.2 .22
2.78 1/2° 1/2 4 .22
3.06 5/2% 1/2 ‘
4.70 " /237 12
6.76 7/2° 1/2 .23
8ge 0 o 0 0 50 .56 .54
2.94 2" 0 2.96 70 75 .71 .68
11.4 4t 0 .77 .68
16.63 2" 0+1
16.91 2t 0+1 < +06
TLi 0 3/2" 1/2 0 18.3 .65 .55
0.48 1/2° 1/2 .52 50 4.0 .002
4.63 772" 1/2 4.64 30 7.8 .49 .44
6.68 5/2° 1/2 3.0 .08
7.47 5/27 1/2 7.46 70 2.6 .07 .06
9.61 772 1/2 <
10.25 3/2° 1/2 <1 . 005
11.25 3/2” 3/2 <1

{(continued)
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Table III (continued)

Product Known Levelsa Observed Levels Peak Cross Su
Nucleus : oo Section b .
MeV - J T MeV tkeV ub/sr Kurath Rotter
ori 0 1t 0 0 o 6.2 .003 013
2.18 3" 0 2.18 - 30 28.6 ©1.06 .37
3.56 o 1 <1
4.31 2" 0 <1 .06 .36
5.37 2t 1 <1
5.7 1’ 0 <1 .01 .37
>He 0 3727 172 0 87 1.12 1.15
4 1727 1/2 ' .06 .03
16.76 372" 1/2 ’

qRefs. 31 & 32.

bRef. 9.

“Ref. 8.




Table IV. Optical model potentials used in the DWBA calculations

bDerived from tabulated data in Ref.

c . .
Derived from tabulated data in Ref.

41.

40.

dPotential for llB taken from Ref. 43.

eDerived from tabulated data in Ref. 44.

Q
. . r a .
T t P a
arge rojectile Eproj. \Y R R W r; I rs Potential
MeV MeV fm fm MeV fm fm fm
.160 o 65 89.3 1.56 .57 27.7 1.39 .72 1.2 Ab
15 o : : . o _ . .
‘N o 40.5 279 1.22 .65 17.6 1.55 .65 1.2 B
14 c
N o 40.5 279 1.22 .65 17.6 1.55 .65 1.2 B
13 c
C a 40.5 170 1.47 .55 20.8 1.56 .35 1.2 C
12 c
C a 40.5 36.7 1.80 .41 7.6 1.96 .66 1.2 D
: 0
llB,l B,9Be o 46 194 1.38 .60 24 1.60 .60 1.2 Ed
12, Be 50 35.2 1.72 .92 12 2.65 .50 1.2 an®
a - 1/3
R = rA_‘tgt

_8€_

89¢ 7 -T14d1
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Table V. Comparison of experimental and theoretical O-particle spectroscopic

factors.
. i . a .
Target Level Theory - Experiment
(MeV) .
g0 52 st s s
. th exp
1 12 : g
%o ~fC(g.s.) .23 23 .25
4.44 . 1.30 1.30 1.07
- 7.65 .06 o .06 .05
14.08 2.38  2.38 1.40
lSN : llB(g.s.) : .41 .41 .23
2.12 .20 .20 .12
4.44 .29 .29 .29
6.74 _ 1.09 - 1.09 .45
14N‘ lOB(g.s.) .012 .69 .70 .41
2:15 .08 .10 .18 .10
3.59 : .35 .35 .14
4.77 T .044 .004 .05 .04
6.02 : .40 .40 .52
l3C : 9Be(g.s.) .41 ‘.41 .37
2.43 .22 o .22 .18
12C 8Be(g.s.) .56 .56 .55
2,94 .71 .71 .75
11 -
B .Li{g.s.) .26 .39 65 .19
4.63 .06 .43 .49 .34
104 OLi(g.s.) | .000 .003 .003 .16
2.18 .22 .60 .24 1.06 .42
9 5. . _
Be He(g.s.) .56 .56 _ 1.12 .53

a . ' : ) . ) :
Theoretical Sa from Kurath (Ref. 9). See Table III for Rotter's Sa (Ref. 8).
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Table VI. Comparison of experimental and theoretical relative
d-particle spectroscopic factors.

Rel

Target Level Sa
theorya ' . experiment
16, o 12c(g.s.) 1.00 S 1.00
4.44 5.54 ' 4,28
7.65 .26 _ - .20
14.08 10.15 5.60 -
15N _ llB(g.s.) 1.00 1.00
2.12 . .50 , .52
4.44 .72 ' 1.26
6.74 2.68 . 1.96
14N loB(g.s.) , 1.00 1.00
' 2.14 _ .25 24
3.59 .50 ' .34
4.77 .07 ' .10
6.02. .58 o 1.27
3 .
! C 9Be(g.s.) 1.00 . 1.00
2.43 .53 ' , .49
12 :
c 8pe (g.5.) 1.00 1.00
2.94 1.28 1.36
1y Li(g.s.) 1.00 1.00
4.63 .75 1.79
10g ' 6Li(g.s.) .003° . .38°
2.18 1.00 1.00
9.
Be 5He(g.s.) 1.00 . 1.00

aTheoretica‘l Su from Ref. 9.

b . . . :
The ratio of S relative to the 2.18 MeV state is given
for '°B>frLi+a. '




+
Table VII. ’

Comag}ihon of theoretical and experimental garound state
G-particle spectroscog%c factors normalized to unity.for
Sg { C+8Be(g.s.)+a),
Target SRel
Theoretical o Experimental
a b . C __a - f . g .h i 3
Kurath Rotter This Gutbrod Bedjidian Denes Detraz Audi Steele Sherman
- Work : :
(a,°Be) *+———— (4,°Li) > - (*He, 'Be). ———— (0,20
9Be 2.00 2.12 .96
193 .005 .024 | .29 -33
llB 1.17 1.02 .35 1.62
. r
12C 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00° 1.00 1.00
13¢ .73 .67 2.0 -44
l14N _ 1.25 .75
15g .73 .42
164 .41 .42 .44 .44 .32 5.0 3.3 s .97 1.21
a ,
Theoretical Sy from Ref, 9.
b
Theoretical Sy from Ref. 8.
. 8- . '
cThis work (o, Be) ‘at 65-72.5 MeV.
. 6_
9Ref. 13 (d,°Li)  at 19.5 Mev.
6_,
®Ref. 46 (d, Li) at 28 MeV.
: 6
fref. 47(a,°Li)  at 15 Mev.
3 7
9Ref. 48 ("He, 'Be) at 30 MeV.
3 7
Pref. 14 (CHe,'Be) at 26 Mev.
i 3 7 ’
lRef. 15 (THe, Be) at 70 Mev.
JRef. 16 (a,20)  at 90 Mev.
'kAverage of numbers given in Ref. 14.

_Tb_
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g .
. 8 , e . . . .
Fig. 1. A schematic diagram of the Be identifier showing the twin transmission

detectors, the PSD, the trajectories of the breakup‘aépartic}es (solid lines)
and the measured direction X of the 8Be event.

Fig. 2. Differential time of flight ATOF (a) and particle identification PI
(b) spectré_obfained with the 8Be identifier.

: ) . . : 8 . _
Fig. 3. The effective solid angles Qef of several different Be identifiers

£

(I>V) which were used to study solid targets (solid lines) and gas targets
(dashed -line).. See Table I for a description of the geometries of these
identifiers.

‘ 8 DL
Fig. 4. An electronic block diagram for the Be identifier.

‘ : 16 8 12 X
Fig. 5. An energy spectrum from the O(a, Be) C reaction at @lab = 22.5°.

. . ' .12
The locations of possible transitions to all final states in C below
14 MeV excitation . are indicated.

. ; . . 8 .
Fig. 6. Angular distributions for (o, Be) transitions to the ground and four

.12
excited states of 1 C at Ea = 65 MeV.
10

; 1 '+ 8 . 14 8
Fig. 7. 8Be energy spectra from (a) the 5N(OL, Be)llB and (b) the N(a, Be) B

reactions at a bombarding energy of 72.5 MeV and laboratory angles.of 19°
and 18°, respectively. The locations of possible transitions to all final

states below " 7 MeV are shown.

8 13 8 '
Fig. 8. Be energy spectra from (a) the cla, Be)9Be reaction at Olab = 32°

2 . .
and (b) the 1 C(a,sBe)8Be reaction at Olab = 25° at a bombarding energy of

' .9
65 MeV. The locations of possible transitions to all final states in Be

8
below V7 MeV .and in Be below V17 MeV are indicated.

. 8 1 8 7
Fig. 9. Be energy spectra from (a) the lB(OL, Be) Li- reaction at Olab = 20°

and (b) the_lOB(a,SBe)GLi reaction at Olab = 243 both employed a bombarding

energy of 72.5 MeV. The locations of possible transitions to all final

L7 6
states in Li below 712 MeV and in Li below “ MeV are indicated.
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. ' 9 8 ‘
Fig. 10. An energy spectrum from the Be(«, Be)SHe reaction at @lab = 24°
and Ea = 65 MeV. The locations of possible transitions to all final -
s ‘ ” . .
states in Hé below V17 MeV excitation are ‘indicated.
5 L 12 8 .8 .
Fig. 11. Angular distributions of the C(a, Be) Be (g.s.) reaction between
. ¥ 16 8 .12 .
Ea = 63.2 and 67.3 MeV (a) and of the . 0(a, Be)  C (g.s.) reaction
between E = 55 and 72.5 MeV. The angular width of each data point is "1°
and a statistical error bar is shown if it exceeds the size. of the data point.
Fig. 12. Absolute experimental (symbols) and calculated (solid curves)
8 o L . 12
(¢, Be) cross sections at Ea = 65 MeV for transitions populating the C (g.s.)
and several excited states. 1In this figure and the following ones containing
experimental angular distributions, a statistical error is given if it exceeds
the height of the data point. 1In addition, the width of each data point

v

corresponds to the angular acceptance of the 8Be identifier used in measuring
that point.

Fig. 13. Absolute experimental (symbolé) and theoretical (solid curves) (a,BBe)
cross sections at Ea = 72.5 MeV for transitions po?ulating the llB (g.s.)
and three excited states.

Fig. 14. BAbsolute experimental (symbols) and theoretical (solid curves)
(o, 8Be) cross sections at Ea = 72.5 MeV for transitions populating the

105 (g.s.) and four excited states.

Fig. 15 Absoluté éxperimental (symbols) and theoretical (solid curves)
(a,SBe) cross sections at Ea = 65 MeV for transitions populating the 8Be (g.s.)
and first excited state plus the 9Be (g.s.) and an excited state.

Fig. 16. An illustration for the loB(a,sBe)eLi (g.s.) and llB(OL,SBe)7Li {(g.s.)
reactions at. 72.5 MeV of the relative contributions of different L-values to
the theoretical cross sections (Rotter's8 values of SL were used). The

theoretical curves for each L value are labelled and the sum of the contributions

of both possible L values is given by the solid lines (see text).
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Fig. 17. Experimental (symbols) and theoretical (solid.curves) (a,SBe) cross
" sections a£ Ea = 65 MeV (9Be and llB) and at Ea,; 72.5 MeV(lOB)for
transitions populating (a) the 5Hev(g.s.); (b) thev6Li (g.s.) and 2.18 MeV
state and (c) the 7Li {(g.s.) and 4.63 MeV state (see text). These theoretical
cross sections were calculated with Sa from both Kuréth9 (solid lines) and

Rotter8 (dashed lines).

. . C. - 9
Fig. 18. (a) A comparison of the ratios of experimental to Kurath's
theoretical spectroscopic factors (Rabs = S(exp)/S(theory)). (b)
A comparison of these ratios relative to the ground state ratio for
each target (see discussion in text). Note that the ratio (Rrel) of
. o ., 6. . . .10 6_ .
Sa relative to the 2.2 MeV state in Li is given for B > Li + Q.

In both parts (a) and (b), the 6Li(g.s.) point is off-scale because

of its very small theoretical Sy (see Tables V and VI).
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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