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126*% 2nd 8Be Production in 12c+298py collisions

L

A. N. Bice,  A. C. Shotter ' and Joseph Cerny

Department of Chemistry
University of California, and
Lawrence Berkeley Laboratory

Berkeley, CA 94720

Abstract: The mechanisms involved in the prOduction of fast
12

a~-particles in C induced reactions have been studied for

the 12C+208Pb system at the bombardihg energies of

E]2 =132, 187 and 230 MeV. Absolute cross sections for the
C

reactions 208Pb(12C,12C*>a+8Be), 208Pb(12C,8Be(g.s.)) and
208Pb(lZC;gBe(2.94 MeV)) have been detérmined by coincidence
measurement of two or three correlated a-particies. Inclusive
a-partic1e-production cross sectipné.were also measured at

'E]2 =187 MeV. It is fournd that the inelastic process

C
(12C,12C*>a+88e) does not contribute significantly to fast

a-particle production but that the production of 8Be by
projectile fragmentation 1s‘an important soufce of a-particles.
At the highest Bohbarding energy (230 MeV) it abpears that the
12C>3a fragmentation reaction becomes more prominent at thé
_éxpense of the 12C>a+_88e'fra.gmehtation'-channel. |
TNUCLEAR REACTIONS: 208pb+12c, £-132, 187 and ]
230 MeV; measured d%o/dEdQ(E ), d%o/dEdq (

E8Be(g~s.))’_

o ), d%e/dEdR(E, L)
_ Be(2.94 MeV) c
deduced contribution of projectile breakup to fast

425/ dEAQ(E

La—par_tic1e_cross section.

.igresent address: U.S. NRC/ACRS, Washington, D.C. 20555. »
Permanent address: Physics Department, University of Edinburgh,
Edinburgh, EH93JZ, United Kingdom.
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I. fntrdduction

A prominent feature of reactions involving very asymmetric
heavy-ion systems at bombarding energies of ~8-20 MeV/nucleon 1is
the copious productidn of noncompound a-particles with mean
vvelocities close to that of the projectile. This reaction
characteristic was noted as early as 1961 by :Britt and Quinton 1)
who suggested that the principé] process involved in the
production of beam ve1ocﬁty a-particles was the breakup of the
incident projectile in an interaction with the surface of the
target nucleus. It was not until the measurements of Galin
2)

et al. that interest was renewed in determining the origin of

the fast alpha particles. Measurements of a-y coincidences by

3)

_InamUra et al. indicated that many of the fast a-particles

are produced in reactions-that can be regarded as incomplete
fusion/massive transfer,_that is, only a portion of the projectile
is captured or fuses with the target nucieus. Additional

4-12)

experimental investigations have established cdnc]usive]y

the existence. of ah incompTete fusion reaction mechanism in the
interaction of 6Li to 160'projectilé5»with heavy targets'at
'bombafding energies of ~7-17 MeV/nuc]eon.b Furthermore, evidence
has been obtained that central collisions do not, in general,
part{cipate in incomplete fusion reactions and that this mass
tranéfer'process occurs over a narrow range of entrance channel
,angu]ar-momenta,vL, beginning near the critical angular momentum,

L for complete fusion. Finally, it is found that the

crit?
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average angular momentum transferﬁed to the target nucleus in the
capture of projectile fragments increases linearly with captured
mass.

9,10) recently proposed a simple

K. Siwek-Wilczynska et al.
model of incomp1etelfusion reactidns. AFrom a study of a-v
coincidences resulting from the dominant incomplete fusion
reactionsv160Gd(12C,a) and 16OGd(12C,2a)_at bombarding
energies of 7.5-16.7 MeV/A, Siwek-Wilczynska et al. concluded that
incomplete fus%on reactions are simply an extension of the fusion
process to anguliar momentum values above the initial system's
critical ahgu]ar momentum. Each virtual projectile fragment was
assumed to carry a part of the total éngular momentum in
proportion to its mass number. The capture df a projectile
fkagment by the targef nucleus was postulated to occur within
sharp L-windows which are defined in relation to the critical
angular moméntum for the’target plus fragment system. Above a
bombarding energy of approximately 15 MeV/A, the ba]ante‘of the
nuclear, Coulomb and centrifugal forces fs_no longer sufficiént
for the capture of a projectile fkagment to occur: therefore, the
cross section for binary incomp]ete fusion processes must begin to
decreése-whi]e that for_mu]tibody fraghentation processes ihcreases
in magnitude.

‘More recently the.generalized concept of critical angular

12) with the

momentum was extended by J. Wilczynski et al.
proposal of a sum rule model that permits’one to predict ébso1ute'

cross sections for all incomplete fusion channels as well as for
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complete fusion. In this model, reaction channel cross sections
are strongly dependent upon 1) a phase space factor which has an

exponential dependence on the ground state Q-value, Qgg‘ and

2) transmission coefficients which create an L-window effect.
This sum rule model was found to predict rather well the

binary reaction cross sections resulting from incomplete fusion

14,,159

reactions in the Tb system and the excitation functions

12,160

for the two main incomplete fusion channels in the Gd

12,160

system. However, it should be noted that for the C Gd

system over bombarding energies of 90-200 MeV, only 20-409% of the

measured singles a-particles resulted from the incomplete fusion

(12

reaction channels C,a) and (12C,2a). Above about 15 MeV/A

12C+16OGd system, the multibody fragmentation channel

for the
is predicted to become prominent. - Presumably the multibody
- fragmentation channel is responsible for the production of 1arge'

12

amounfs of fast-alpha particles via the C>3a reaction,

a]thbugh the relative strength of this reaction channe1vcompared
to other mu1tibody channels is not provided by the sum rule
model. Furthermore, this simple model does not contain'any
é110wance-for-brojecti1e spectroscopic properties nof does it
predict any final state features such as particle angular
distributions, particle-particle correlations and particle energy
spectra. Thus, for somé systems (most notably the 12C+16OGd
system),‘the incomplete fusion sum rule reasonab]y.predicts the

incomplete fusion cross sections but it only suggests the source

of the remaining 80% or so of singles a-particles. It is of
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12

interest then to determine if the C>3a channel is a large

contributor of fast alpha particles. (Recent particle-y

measurements of Hsu et al. 13)

20

found evidence for the onset of a

multibody process with a Ne beam at ~17 MeV/A bombarding

energy.)
In this paper we present results of an investigation into

fast a-particle production via the production of 8Be(g.s.),

8Be(2.94 MeV) and excited 12C reaction products from the

12C+2_08Pb system at 12C bombarding energies of 132, 187 and
230 MeV, Absolute cross sections héve been obtained for the

208Pb(12C,]2 * 8 ), 208Pb(12C 8 (g.s.))

reactions C »at+ Be , Be

and 208Pb(]2C,8Be(2‘94 MeV)) by coincident measurement of
12

three a—ﬁarticiés or two a—partic]es for C* and 8Be
detection, reSpeCtive1y. By folding 1n.thé probability of
detecting correlated particles, the absolute prodUction cross
sections were determined which were then comparéd with the
measured singles a—partjcle cross segtion at 187 Mev 12C
bohbarding:energy. From this comparison,.further information
could be obtained about theireaction channels important in fast

a-particle production.

CIT.. 12C Dissociation Considerations

IZC induced reactions on heavy targets have been studied

1,9,10,12,14-16) * yaasurements of the

by several groups
angular distributions, energy spectra and differential cross

sections of alpha particles emitted in the bombardment of Au and
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12 1)

Bi targets by 126 MeV C nuclei permitted Britt and Quinton
to conclude that a majority of the alpha particles observed (SOMe

900 mb) resulted from a direct process, most probably breakup of

“the incident projectile. Eyal et al. 14) estimated that about
150 mb of unbound 8Be nuclei are produced in the 12C+197Au
15)

reaction at 125 MeV bombarding energy. Kozub et al.
complemented the work'of Eyal et al. by measuring the cross

section for the production of'BBe(0+,g.s.) nuclei in the

12,,197

c+ Au reaction at 126 MeV. It was determined that about

37 mb of 8Be(g.s.) was produced which indicated strongly that a

substantial amount of cross section existed for the production of

88e. As mentioned above, measurements of the

12.,.160

excited states of

cross section of incomplete fusion reactions for the C+ Gd

system at bohbarding energies of 90-200 MeV permitted Siwek-

9,10)

Wilczynska et al. to suggest that the projectile

fragmentation channel, (12C,3a), is the dominant source of fast
alpha particles, especially at the increased bombarding energies.
It is clear that several reaction mechanisms might explain
the observations noted above. An intuitive understanding of these
observations is possible with a simple model of 1limiting angular

17). As pointed out by Brink 18), transfer reactions

momehtum
between heavy ions at energies well above the Coulomb barrier have
large transfer probabﬁ]ities'only if certain kinematic conditions
are satisfied. 1In particular, the transfer cross section will be

the largest when the transferred particle retains nearly the

Ve]ocﬁty of the projectile. Semiclassically, this implies that
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the angular momentum transferred to the heavy residual nucleus is
given by mvR/a where m is the transferred mass, R is the "radijus"
at which the transfer occurs and v is the relative velocity of thé
projectile and target. For some velocity v, the attraciive
interaction between the transfefred pértic]e and the target
nuciéus will no longer be sufficient to capture the transferred
fragment. The fragment escapes before its angular momentum and
energy can be absorbed by the target system.

Figure 1 shows the transferred angular momentum as a

12

function of the transferred fragment mass for the three C

bombarding energies employed in this work. The dashed line

represents the critical angular momentum for each fragment-takget

system as calculated by Wilczynski 19). It is seen that at the

Towest energy. 132 MeV, transfer occurs without exceeding Lcrit'

At 187 MeV up to six or seven nucleons can be transferred before

Lcrit is surpassed. Thus, transfer of a 8Be-nut]eus may not

be possible, suggesting that a large increase in 8Be production
méy occur between 132 and 187 MeV. - At the highest bombarding
energy of 230 MeV, transfer of four nucleons just about exceeds

L Thus, at the higher energies nucleon transfer turns into

crit”
a fragmentation process.

An extension of .these simple arguments, in an empirical way,

12).

was presented by Wilczynski et al. Figure 2 presents the

incomplete fusion calculations aé discussed in Section I for the
12.,208 ' . .
C Pb system. Parameters employed were determined in a

similar fashion to those 'in reference 12. Figure 2a indicates
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that, for lower angular momenta, the comp1ete_fusioh channel has
the largest probability factorv(see the factor on thé ordinate
axis). At higher angular momentum values the incomplete fusion
(massive transfer) channels (12C,a) and (12C,2a) become
evident. Predicted cross section trends are shown in fig. 2b.
The predictions shown in fig. 2 can be seen to be rather

12,160 12)

similar to those made: for the Gd system In this
latter case, such calculations adequately reproduced the
excitation functions for the measured incomplete fusion channels
16064(12¢ o) and 16%d(12c,24), which were found to

accountkfor 20-40% of the inclusive alpha particles. Thus, it is

12.,208

expected that the C+ Pb system has a similar contribution

of fast alpha particles from the incomplete fusion channels

208Pb(12C,a) 208Pb(12C,2a).

and
Another prominent feature of fig. 2 is the cross section

prediction for the multibody fragmenfation channel, denoted

(12C,12C'). A rapid rise in the fragmentatién cross section.

is expected between ~130 MeV and ~230 MeV. Owing to the fact that

the thfee—a]pha breakup threshold has the most positive Q-value

relative to other fragmentation channels, it is expected

(éf. 20,21) that a large portion of the (12C,12CV) curve will

be composed of three-alpha production cross section. However, as

previously noted, the incomplete fusion sum rule model does not

provide this information.

The production of fast alpha particles from the breakup of

the 12C projectile nucleus can be viewed as occurking in
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several ways: i) the (IZC{lzc*>a+88e) reaction, ii) the |
(12¢,4+88e) reaction and ii1) the (12C,o%0+a) reaction.

Reaction process i) represents the excitation of the 12C
projectile via an inelastic scattering process and its subsequent
decay into an « énd a 8Be nucleus. 12C excited states above
7.4 MeV can decay sequentially into a+8Be fragments. Typical
inelastic stattering cross sections are on the order of millibarns
and it is expected that mechanism i) should have a similar yield.
The mechanism of reaction ii) is a direct fragmentation of the
12C projectile into an alpha particle and a 8Be nucleus.
Presumably the relative momentum of the « and the 8Be'nuc1e1' in
the projectile bound state would influence the final laboratory
momenta of the two breakup fragments. The mechanism represented
by iii) is also a direct fhagmentation process, but one whichv
produces three free alpha particles: no intermediate_SBe nucleus
is involved. Note that process i) is indistinguishable from ii)
if the level width of the sequentially decaying state in 120 5
sufficiently broad. Nonetheless, processes i) and i) are clearly
distinct from iii) sincg they necessari1yvinv01ve'the productidn
_of SBe nuciei. |

Thus, it'is of.interest to investigate the production of the

12,.* 12,

. sequential decay products C and 8Be in induced

reactions for energies in the range of 10-20 MeV/nucleon. Such
-measurements, presented below, providé important complementary

information to that obtained previously ]’10’14’]5),
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III. Experimental Technique
12C beams from the Lawrence Berkeley Laboratory's 8R-inch
cyclotron were used to bombard 208Pb_targets which were self-

12,208, 8

supporting and enriched to ~99%. The Be or

126* reactions were investigated at E(12C)=132, 187 and 230
MeV to elucidate further the mechanisms involved in fast
a-particle production at these bombarding energies. The detection
of 8Be and the unbound 12C* products were performed by the
coincident detection Qf two or three alpha particles, respectively.
In the studies presented here, the détection of sequentially
decaying reéction products was of principal interest. In
kinematically complete experiments the-épatia] arrangement of
particle telescopes can severely restrfct or enhance the
observation of certain multibody final states. For instance, the
detection of sequentially decaying reaction products is enhanced
when the particle telescopes are sepératéd by an angular amount
that is similar to the ma*imum opening angle of the decay
fragments in the laboratory frahe. The detection probability is
further enhanced if large solid angle counters are employed.
However, large solid angle counfers imply poorer energy resolution
(due to the dE/de). On the other hand, small solid angle counters .
imply lower coincidence counting rates and a décreased true to
random coincidence ratio. Thus, there are several factors which

must be considered in selecting a coincidence detection system.

These are: 1)'the range of opening angles between sequential decay
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fragments, 2) the experimental tolerance in energy resolution,
3) the counting rate deemed satisfactory and 4) an acceptable
ratio of true to random coincidences.

Given these considerations a reasonable detection system
for the observation of 8‘Be(g.s.), 8Be(2.94 MeV) and IZCf
reaction products is depicted schematicaT]y in fig. 3. In its
fullest extent, the detection system consisted of three aAE-E
counter te]escope§ mountéd on a movable p]atform and arranged in
a Vertical'fashion with respect to the normal scattering plane. -
Particle telescopes labeled 1 and 2 were located symmetrically
above and below the scattering plane: i.e., the collimator post
between these two telescopes was bisected by the horizontal
reaction plane. The third telescope was é1ways lTocated above
the feaction piane. Behind each E counter (and not shown in

fig. 3) was an Er counter which vetoed any (generally

ej
unexpected) high energy events in which'the parti¢1e completely
traversed the AE—E'system.

Table 1 lists the pertinent dimensions of the detection
systém shown in fig. 3. Coincidence events between any pair of
telescopes were recorded but simu]taﬁeousrevents in all three
wefe not. Té]escope combination 1-2 was most sUitabTe for
detecting -unbound particles with sma11’decay énergies, such as
8Be(g.s.) which is unbound by 0.092 MeV, .because the two
telescopes were separated by only about 3°. This combination

was also the most suitable for separating the sequential decay.

peaks in projected energy spectra due to the velocity addition
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effect (cf. fig. 15 and associated discussion below). Telescope
combination 1-3 was more suitable for attempting to observe
sequential decays of products with large decay energies.

For this detection system the horizonta]lacceptance angle,
as determined by the collimator width, was 3°. However, the
effective "horizontal" acceptance angle was slightly larger than
this, especially for the telescope combinations 2-3 and 1-3,
because the geometry of the system allowed detection of decay
events in which the center-of-mass direction 6f the unbound
"ejectile is slightly out of the reaction plane. The typical
énergy resolution was about 400 to 600 keV full width at half
maximum (FWHM) depending upon the reaction.

For the 12C*>a+88e investigation, it was necessary .
to detect two e-particles in one particle telescope in
coincidence with a third a-particle in another telescope. If
two a-particles enter the same telescope, éach with about the

7

same kinetic energy, they will identify together-as a 'Li

22) IZC*

event . 7

events were identified then as an at+'Li
coincidence. (For the Pb target, a gate on the «+8Be total
energy around the 1ZC quasie1astic peak served to remove any
real a+7Li coincidences due to the Q-value difference.)

~ The calculation of the absolute production cross sections
for the sequentially decaying unbound reaction products,
8Be(g.s.), 8Be(2.94 MeV) and 12C*>a+836, was performed
by folding the detection pfobabi]ities into the measured double

: 42
differential cross sections, dzo/dQ daQ and do
_ a dQ dQ

]. (!2 BBe a
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A Monte Carlo type program was used to calculate the detection
probabilities. This program allows both a random selection of
12C*

the emission angles and the angles for emission of the

*
« and OBe projectiles in the 12¢ center-of-mass frame.

It is assumed that the center of mass emission distribution is
isotropic.23)
Figures 4 -and 5 illustrate the detection efficiency of

8Be(g.s.)-and 8Be(2.94 MeV) nuclei as a functioh of their

total kinetic energy (after decay). The solid ‘angle subtended by
each particle telescope is represented by Qi and the verticai,
center-to-center angular separation of the two telescopes is

designated by e [t is evident that, in general, the

separation’
detection efficiency is small (.2 - 2%) and it is highly
dependent upon the fragment's relative energy and the total
kinetic energy. | |

Figures 6. and 7 present ‘the calculated detéction
efficiencies ofIlZC*(7.6 MeV) and_lZC*(9.6 MeV) as a
function of the total kinetic energy of the three final
a-particles. Two curves are shown in figs. 6 and 7. The dashed
curve results from the requirement in the Monte Carlo simulation
fhat the}two a-particles, which result from the decay of the
8Be(g;s.) fragment, actually enter the same te]escbpe with the
third a-particle ehtering the opposite telescope. The solid
curve represents the efficiency of two telescopes simply |

detecting}the three a-particles, two a's in any one telescope,

one a« in the other telescope. The solid curve was the one
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employed in production cross section determinations. It can be
seen that detection efficiencies range from about .9% downward.
Table 2 Tlists the detection efficiencies of excited ]26
reaction products with the three telescope geometries employed in
these studies. It can be seen that the probability of detecting
three alpha particles decreases rapidly with'ihcreasing'
excitation energyrof'the-lzt ejectife and. that the detection
efficiency depends strongly on the detection configuration and

120* decay channel. From table 2 it is seen that (for a

12 12

C bombarding energy of 230 MeV) the detection of C

reaction produéts excited to levels above ~16 MeV is extremely
unlikely. The productionbof 12C* nuclei at excitation
energies above ~16 MeV would therefore not be observed in this
Sfudy. |

Al partic]e—particle»éoincidence data as well as the
single particle inclusive data were recorded event by event on
magnetic tape. Off-line analysis was performed by re-sorting the
stored binary data with software gates in the necessary particle
identification spectra, TAC spectra and energy spectra. A
correction for random'cbincidencéS'was performed by subtracting
events which resulted from coincidences between beém bursts from
those events which resulted from intra-beam burst coincidences.

Target thicknesses were determined by measurément of the

energy reduction of 6.06 MeV and 8.78 MeV a-particles (from a

212P0/21281' a-source) which had passed through the targets.

Target thicknesses determined in this manner are estimated to be
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accurate to within 210%. An upper Timit on the amount of Tight

contaminants in the ~1.5 mg/cm2

thick 208Pb targets was
established to be 20 ug/cmz, which contributed a negligible
effect to the cross section estimates.

Systematic errors in all cross section determinations are
estimated to be no more than about 25% and are primarily due to
possible errors in the estimation of the total dead time, the

integrated charge, the target thickness and the detection system's

solid angle.

IV. Experimental Results and Discussion
Presented below are experimental results concerning the

production of a-particles from the 2'O8Pb system at

12

E(“C)=132,. 187 and 230 MeV bombarding energy. Part of these

results have been reported pfevious1y 24).

Figure 8 shows a series of'a—particie spectra that resulted
from the bombardment of a 1.5 mg/cm2 208Pb target with a 187
" MeV 12C beam. The a-particle lower energy counter cutoff for |
these (and other)'spectra is éeén to be ~20 MeV. The prominent:
feafures of these spectra are the same as those reported by Britt
and QUinton_l). At forward angles the spectra are dominated by
a broad, bell shaped peak centered a few MeV be1owvthe beam-
velocity. |
| The angular distribution offthe energy-integrated differential

cross section is shown in fig. 9. It is strongly peaked in the

forward direction, increasing almost exponentia11y with decreasing
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laboratory angle. As was determined previously 1), the
evaporation a-particles show a relatively flét do/d anqular
distribution., The total a-particle production cross section was
obtained by integrating the angular distribution shown in fig. 9
from O<e;<50°. Extrapolation of this angular distribution to

near zero degrees was done as indicated by the dashed 1ine. For
12

E("°C)=187 MeV the total a-particle cross section was found to
be ~1100 mb (£25%). This is quite similar to the a-particle
production cross section measured by Wilczynska et a1.10). For

comparison, the geometric and total reaction cross sections are
about 2200 and 3600 mb, respectively.

Particle-particle coincidence measurements were performed
with vertically arranged AE-E type telescopes as described in
section III. For the bombarding energies of 132 and 187 MeV,
only the 1-2 detection system was employed. At the highest
energy, 230 MeV, all three coincidencevcombinations were recorded.
Figurev10a shows the summed energy of coincident events (corrected
fqr randoms) in which one telescope recorded an a~parfic1e.ahd
any particle entered the second telescope. Three features are
prominent: two qeasielastic peaks near the beam energy and a
broad bump centered slightly below two-thirds of the beam energy.
The peak at 178 MeV is determined kinematically to be the

12C into the o« and 8

quasielastic breakup of Be channel
(Q-value = -7.28 MeV). This interpretation is based further on
the observation that the particle identification spectrum in the

other telescope, corresponding to events in this peak, shows a
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7Li position, as is expected if two

single grouping near the
a-particles of approximately the same energy simultaneously
entered this telescope (see section III). (An actual a+7Li
coincidence is ruled out by Q-value considerations.)

The second quasielastic peak corresponds to a+98e
coincidences which result from the decay of excited 13Crfuc1e1’

13

that are produced via a neutron. pickup to C states 1ocated

above the breakup threshold. This transition is discussed in
more detail elsewhere 23).

Figure 10b showsvthe total enefgy spectrum when both
telescopes register an a-particie in coincidence (it should be
noted‘from this spectrum that the majorfty of coincident events
in fig. 10a arise from such 2a coincidences). ‘Most of the

&

contribution to the fig. 10b spectrum arises from decaying ~Be

nuclei; as will be discussed be1ow,'however, there is some

contribution from the sequential 3« decay of 12¢ with only one
8

Be being recorded in a given telescope.
12C*

a-particle from.
Further interpretation of the character of the
breakup transition can be obtained froh the 8Be projected’
energy spectrum arising from a+8Be(2a)'events yielding a total
energy of 178 MeV; Such a spectrum is shown in fig. 11. The

8

nature of'the contribution to this projected Be spectrum from

different breakup states of 12¢ win depend upon the relative
energy of the fragments, as well asvupon‘the individual telescope

collimator sizes and the angular separation between the

12¢ (ref. 25)

te1escopes. Thus the 0+, 7.66 MeV state of
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will have a bréakup energy of ¢ = 0.288 MeV which, with this
detection geometry, results in a broad peak at ~120 MeV, while
the 37, 9.64 MeV state, for which ¢ = 2.27 MeV, results in two
narrow peaks. Evidence of higher excited states is not seen,
either because of counter cut-off effects or because the state is
broad, e.g., at 10.8 MeV. |

The probabilities for detectjng (with a two.telescope

system) quasielastic breakup events corresponding to the 7.6 and
9.6 MeV states of 12C were calculated with a Monte Carlo
simulation code. This numerical calculation assumed thAt all
“breakup fragments are distributed isotropically with respect to
the 1?C* rest frame. While this is true for the 0+, 7.6 MeV
state, it is an assumption for the 37, 9.6 MeV state and so will
fntroduce a potential error whose magnitude is difficult to
assess because of our lack of knowledge of the reaction mechanism
and the transition probabilities. For instance, the Monte Carlo
simulation showed that, if the 7.6 and 9.6 MeV 12C states are
equally populated, then the experimental contribution to the
quasielastic peak'in fig.'10a from the 7.6 MeV state should be a
factor of 6.7 greater than the contribution from the 9.6 MeV
state. However, the experimental value is 16:1. The difference
between these two ratios could either indicate that the 7.6 MeV.
state has a higher excitation ﬁrobabi]ity than the 9.6 MeV
state or that the observed yield of the 37, 9.6 MeV state is
suppressed due to spin alignment. (For certain extreme

conditions of alignment the detection probability of 12p%
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(9.6 MeV) at thié energy may bevreduced by as much as a factor of
seven). Similar arguments may be applied to higher states which
were investigated with the other two detector configuratfons 2-3
and 1-3 at a 12C bombarding energy of 230 MeV. Table 2

contains typical IZC* quasielastic breakdp detection
efficiencies for the three te]escobe combinations at the highest
bombarding energy investigated.

The summed differential cross sections of the quasié1astic
peak (7.6 and 9.6 MeV.lZC states only) for the fhree energies
investigated are shown in fig. 12a. Each\angular distribution is
found to peak near the'grazing angle sﬁggesting that this breakup
process is a periphekal phenomehon. The total 126* production |
cross section as measured with detector combination 1-2 was
‘estimated by extrapo]atihg the angular distributions to éma11
angles and is shbwn in fig. 12b. Total cross sections are found
to be of the‘order,of millibarns, farvbelow the total a-particle
cross sections for these bombarding energies. Measurementé at
230 MeV with the-othef'telescope combinations 1-3 and 2-3 permit
the conclusion that the production of IZC* nuclei with
excitation enekgies between 9.6 and 16 MeV is also negligible,
compared to the total a-particle cross section. - An upper |
estimate of thé maximum differential cross section at 230 Mév
for'lzC* production with excitation energies above 9.6 Mer
is ~15 mb/sr. Thus the producfion of sequentially decaying

_12C nuclei is not a significant source of fast alpha particles.



-20- LBL-14100

The observation of a total quasielastic 126* broduction
cfoss section of the‘order of a few millibarns is consistent
with inelastic scattering studies with a 12¢ target (cf.
ref. 26-28). Analysis of a+88e coincidences for more negative
Q—Va]ues (a mutual excitation process which could be confused
~with a—7Li évents) does not alter the conclusion that 12C*
production and subsequent sequential decay is not a prominent
source of fast alpha particles. The specific analysis of this
quasielastic channe1 in terms of folded potentials ahd the
D.W.B.A. is presented e]sewherezg).

Figure 13a shows a (12C,aa) spectrum taken with detector
system 1-2. Figures.13b-13e show projected o« energy spectra for
ata events with a.tqtal energy located within the indicated
gates.' The prominent peak centered at one-half of the total ata
energy‘is.kinematica]]y‘consistent with the production of
88e(g.s;) nuclei (decay energy of .092 MeV, ref. 30). The
broad, weak bumps are consistent kinematically with the decay of
| the broad 2.94 MeV, first excfted state of 8Be. For this
detectdr configuration the probability of detecting 8Be(g.s.)
nuc]ei was a factor of 5-10 larger than that of detecting
88e(2.94 Mev) nuclei.

Further confirmation that mainly 8Be nuclei were
detected, rather than uncorre]ated 2a production, comes from
fig. 14 which shows a (12C,aa) spectrum taken with the 2-3
detector system. This system has a telescope-to-telescope

8

angular separation greater than the “Be(g.s.) decay cone, but
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not that of the 88e(2.94 MeV) decay cone. Thus, as is

discussed below, if 8

Be(2.94 MeV) is produced in the reaction,
we expect to see the observed double bump structure in the
projected spectra, reflecting sequential decays from the broad

8Be.

first excited state of
The Monte Carlo program to calculate detection probabilities
can also predict the spectral shape of such projected spectra.

8

~Figure 15 presents the predicted "Be(2.94 MeV) projected energy

spectra for the three detector configurations used in this work.

8Bevis broad, a continuous

Since the first excited state of
Lorentzfén distribution of widtﬁ equal to 1.56 MeV was used to
specify the decay energy} Two prominent featureé emerge in fig.
15: 1) the projected spectra of the two c1osesf configured
telescope pairs exhibit a double peaking and 2) the two peaks in.
figs. 15a and 15b merge into a continuous (reSehb]ing aimost a
three-body phase space) distribution as the seporation angle is
increased, as’shown in fig. 15c. The double peaking in the
projécted enekgy opectra is a simple consequence of the
sequential decay kinemétics and the detector oonfiguration. It
is seen that fig. 15b resembles fair]y‘c1ose1y fhe projected
enefgy spectrum from gate 1 of fig. 14. Hence, if can égainvbe
concluded that both 8Be(g}s.) and 8Be(2.94 MeV) nuclei are

produced in these”12C+

208Pb keactions.
Figure 16 shows a 12C(12C,aa) tota]\energy spectrum at
230 MeV bombarding energy for comparison with fig. 14a. The

shape is rather similar to that obtained with the 208Pb target
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except that the broad, bell-shaped peak is centered at
significant]y Tower energies than that obtained with the heavy
target. | |

Figures'17,’]8 and 19 shbw wilczynskijtype diagrams for
8Be(g.s.) production at the three bombarding energies
investigated. These diagrams plot contours of the double.
differential cross section d2¢/d2dE for the SBe(g.s.)

.reaction products as a function of their kinetic energy and their
Téboratory"scattering angle. Such diagrams highlight.both the
energy and the angular distributions. A1l three figures show a
_ridge near beam velocity which extends from the maximum towards
baékward angles. There is 1itt1e or no evidence of a ridge
extending back from zero.degrees'as is charaéterisfic of a deep
ine]asfit reaction. The ridge is therefore 11ke1y to be associated
with'an iﬁtefacfion which is peripheral in nature. No other
_significant features are evident.

Figﬁre 20 sths the absolute differential cross section for
the production of 8Be(g.s.) nuclei. These cross sections were
obtainéd by integrating the (12C,aa) Spectra by energy bins with
the appropriate detection probability for 8Be(g.s.)'nuc1ei |
folded in. Avsimi1ar'procedgre was performed for the 8Be(2.94-
MeV) events (for which the angu]arldistributions are not shown),
Detection probability is discussed in Section III. The angular
distributions of both 8Be products are very similar. Increasing
..cross section with deﬁreasing angles and éteeper angular

distributions with increasing bombarding energy are evident in
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fig. 20. Cross sections up to several hundred millibarns are

apparent, suggesting that a significant fraction of the inclusive

8

a-particles arise from decaying “Be nuclei.

Further information can be obtained from the shapes of these
angular distributions. The shift in the angle of the peak of eéch
angular distribution suggests that there is an interaction radius,

R., such that outside Ri the 8Be production cross section

-'a
decreases with increasing radius and inside Ri the 8Be nuclei

are absorbed to a high extent. In cases where the Sommerfe1d'
péraheter n > 1, it is possible to try to correlate the emission

angle e with the distance of closest approach, Rmin‘ If it is

assumed that the 8Be’nuclei continue approkimate]y on the

Rutherford trajectory of the incoming 12C projectile, then the

following relation exists between Ryjn and e, the center-of-mass

n
scattering angle:

- Z.7-e% (1+1/sin(8/2))
_ it
R . = . | ]
min ZEcm

" Using equation (1) it is possible to transform the angular

distribution do/dQ into the quantity d?/RmindRmin via the

-expression: -

-lérmE_ .
do  _ < sin’ (e/z).%% . C(2) .
min ZPZTe

dR
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Angular distributions from heaQy—ion collisions have been analyzed
previously in this manner ]’3]’32).
Figure 21 shows the experimental angular distribution of
dR

8Be(g.s.) nuclei transformed into do/R The

min "min°

quantity do/R R can be intérpreted as a measure of the

m1'nd min
probability of 8Be production at a given distance of closest
approach. (Due to distortion by the nuclear potential this view
should be taken cagtious1y). In this representation the form of
the angular distribution should be approximately independent of
the beam energy. It is seen that the distributions peak near 12
fermis, which corresponds very closely to the sum of the radii
for the target and projectile for an ro = 1.5 fm. Grazing
collisions are most probab1e;<interacfions which produce 8Be

~at other radii are hindered.

8Be

For a direct comparison of -singles a-particles and
cross sections, the integrated total cross sections for 8Be(g.§.)
production are shown in fig. 22. 8Be(2.94 MeV) production cross
sections also were obtained for two bombarding energies
E(1%c) = 187, 230 MeV; the detection efficiency of SBe(2.94)
nuclei for the 132 MeV bombarding energy was too low for.its
observation. Total cross sections for 8Be(2.94 MeV) proddction
were found to be 175 mb and 180 mb at 187 and 230 MeV, respectively.
The ratios of the production of 8Be(g.s.) to 8Be(2.94 MeV)
are 1:1.9 and 1:1.85 for the 187 and 230 MeV bombarding energies,

8

respectively. Figure 22 indicates a rapid rise in the “Be g.s.

cross section over the energy range of 12-16 MeV/A. This trend
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is consistent with the rapid rise in a-particle production cross
sections measured between 90 and 200 MeV 12C'bombarding
energy.]o) Furthermore, total 88e cross sections, by virtue

of their magnitude, are clearly able to explain a significant
portion of the inclusive a-particles.

From the measurements of Siwek-Wilczynska et al. 10) it

is known that ~20—40%'01‘ the inclusive a-particles result from

the incomplete fusion reactions (12C,a) and (12C,2u).. The
combined 88e measurements reported here for the g.s. and first
excited state are far in excess of the (IZC,Za) cross sections

for incdmp]ete fusion, see fig. 2b. Hence, projectile
fragmentatibn must be responsible. It can be concluded that for
each BBe observed in excess of the incomplete fusion 2a's
expected, a third a-particle was liberated initially. - Therefore,
a numerical accounting of the origin of inclusive a-particles for

12

E("°C) = 187 MeV can be obtained with the following assumptions:

i) 20-40% of the dinclusive a-particles result from the incomplete .

fusion process 10); ii) the incomplete fusion reactions

(12C,a) and (12C,2a) have about the same cross section 10);_

and iii) the 8Be_'_s that do not originate in an incomplete
fusion broéess are accompanied by a third a-particle. Given
these assuhptions, some 80-90% of the inc]usiVe-q—partiCIQS'can
be accounted for. Furthermore, it can be concluded that at the‘
bombarding energy of 187 MeV, projecfi]e fkagmentation into
a+88e particles without absorption is the largest source of

e-particles.
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The excitation function for a-particle production between
90 ‘and 200 MeV 12C bombarding energy shows a steep rise toward
larger a-particle total cross sections at higher energieslo).
If this trend continues above 200 MeV beam energy, the measured
8ge (g;s.,'2.94 MeV) cross sections at 230 MeV bombarding energy
will explain a smaller fraction of the inclusive a-particles. (A
partial angular distribution of singles a-particles for the 230
MeV beam indicates that the cross section may not increase as
rapidly above this 90-200 MeV interval, but it is increasing

88e). It is

slightly faster than the rise in the production of
concluded that other breakup channels such as direct three
a-particle production or additional fragmentation processes
contribute. more cross section at the higher energies.

8Be nuclei observed, the ratio between 8Be(g.s.)

0f the
and 8Be(2.94 MeV) production is the same for the two higher
bombérding-energies (187-and 230 MeV) for which data are
available. This strbng]y suggests that projectile ground state
properties are important in the projectile fragmentation
process(es). In addition, the observed large production of
88e(2.94 MeV) nuclei is consistent with the suggestion from

12C on 197Au 15)

measurements of 126 MeV that a significant
fraction of the SBe nuclei was being produced in an excited
state. As is well known, pickup reactions and cluster model
calculations (ref. 25 and references therein, ref. 33) indicate a
substanfia] amplitude for representing a 12C nucleus not only

as [w(BBe(g.s.)) x y(a)] but also with the configurations
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[p(8Be(2.94 MeV)) x yla)] and [y (Be(11.4, 4%)) x y(a)7.
Transitions thfough the 11.4 MeV 8Be state apparently are not
important at the bombarding energy of 187 MeV. (Verification of
88e(11.4 MeV) production would be difficult owing to the large
decay energy and therefore the tendency for the sequential decays
to appear as‘uncorrelated 2a-particle production.)

In fig. 22, the observed increasing trend of 8

Be g.s.
production as a function of bombarding énergy at first appears
inconsistent with the predictions'of the incomplete fusion sum
rule model (see fig. 2b. and discussion in section II).
‘Qualitatively, a large multibody fragmentation channel should
become more promiﬁent as the bombarding energy increases. The
8Be measurements reported are specifica11y_for a weakly bound
fragment. As the bombardiﬁg enefgy is increased it is quite

' conceivab]e that the projectile-target interaction, wHich leads
to frégmentation, becomes more "severe". This in,fuhn, would
suggest a decrease in probability for the rather weakly bound
88e nuclei to survive the breakup process. An extension of
these measufemeﬁts of the production of the resonant nucleus
8Be in conjunction with inclusive a—parti¢1e cross section
measurements at highef 12C bombarding energies could elucidate

this point further.

V. Summary and Conclusion

The mechanisms involved in the production :of fast

a-particles in a 12¢ induced reaction on a 208p, target
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have been investigated at the bombarding energies of 132, 187
and 23O7Mev; With double and triple coincidence measurements,
absolute cross seétions have been determined for the reactions
(12¢ 8Be(g.s.)), (12c,88e(2.94 Mev)) and (12c,1%c">q+8Be).
It was determined that theISimp1e inelastic scattering process
(12C,12C*>a+88e) observed from 13 to 41 degrees -does
not contribute significantly to the large production of fast
a-particles (~950 mb over the same angular range). However,
the observation of a large production cross section for

88e(g.s.) and %Be(2.94 MeV) nuclei at E( - 187 MeV

permitted the conclusion that, as first suggested'by Britt and

1), projectile fragmentation is largely responsible

Quinton
for the fast a-particle production.
The measurements reported here, together with those of

Siwek-Wilczynska et al 9,10)

provide an explanation for the
origin of over 80% of the observed a-particles at 187 MeV
bombarding energy. Although the observed 8Be production
crbss sections as a function of the bombarding energy are not
in disagreement with the simple incomp]etekfusion model
predictions of Siwek-Wilczynska et al., it is clear thaf
projectile spectroscopic and/or final state interactions are
important in fragmentation reactions at these bombarding
energies. It is concluded that an angular correlation
measurement of a+88e reaction products wouid be feasib]é and

very valuable to a further understanding of the breakup

mechanism(s) involved.
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‘The results presented here suggest several interesting
experiments, some complementary to this work and some of a more
genera1 nature. A detailed study of the productidn Cross

8 108, 13 14 160 and 20

section of “Be from C, N, Ne induced
reactions would prove interesting, as would a more detailed
comparison between the cluster configurations in the various
projectiles énd the fragmentation channels which.are,observéd
to be strong. Of spectfoscopic interest, a comparison between
thev(gBe,gBe(g.s;)) reaction (cf. ref. 34) and the

8

unstudied, but definitely feasible, (°Be,%Be(2.94 MeV))

reaction could yield helpful spectroscopic information.

‘*This work was supported by thé Director, Office .of

’Energy Research, Office of High Energy and Nuclear Physics of

- the U.S. Depaftment of Energy under contract No. DE-ACO3-
765F00098. The authors would also like to thank Dr. D. P. Stahel

for his assistance during the early phase of this work.
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Figure Captions

1. Semiclassical calculation of the maximum transferred
angular momentum to the residual target nucleus versus the
transferred fragment mass. The dashed Tine represents the
critical angular momentum calculated from the balance of
forces. |

2. a) Calculation of the incomplete fusion sum rule
model probability factors for various reaction channels as

120,208py, system.

a function of'angular momentum for the
(See text). b) Excitation functions as predicted by the
incomplete fusion sum rule model. (See text).

3. Schematic diagram of the triple telescope system
employed for coincidence measurements.

4. The percentage efficiency of detecting 8Be(g;s.)
veréus its total kinetic energy. The effective solid angle
is the solid angle of the two counter system multiplied by
tﬁe detection efficiency. The two te]escdpes were assumed
to have a vertical center-to-center angular;sepafationvof

5.9°. Counter cutoffs are determined by the operating

region of the telescopes for the detection of « particles.

5. Same as fig. 4 except 8Ba(2.94 MeV) decays were
assumed.
6. Similar to fig. 4 except that the detection of three

alpha paktic1es from the decay of the 120* (7.6 MeV)

state in the two partitle telescopes is assumed. The solid
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curve is for any two a-particles to enter one telescope and

‘the third a-particle in the other telescope. The dashed

line is the calculation which required the two o«'s from the
8Be to enter a single counter. Lower and upper energy
cutoffs for an a-particle were 19 and 124 MeV, respectively.

7. Similar to fig. 6 except the detection of the
12C* (9.6 MeV) state is assumed.
8. Alpha-particle inclusive spectra at four laboratory

angles for the reaction of 187 MeV 12C.

208py,

ions incident on

9. Angular distribution of the measured inclusive.
12C+208Pb system at 187 MeV
bombarding energy.

10. a) The yield éf coincident events between the'two

12¢ on 208py

telescopes from the reaction of 187 MeV
with the requifemént that dne telescope récord an

a-particle, plotted as a function of the summmed energy in

‘the two telescopes. b) As for a), but with the requirement

that both telescopes simultaneously record an a-particle.
11. The energy of 88e nuclei in coincidence with an
a-particle for fhe transition 208Pb(12C,§8Bé) |
208Pb(g.s.) at 187 MeV bombarding energy. This projected
energy spectrum was taken at e]ab=19° with the detector

configuration which has an average vertical angular

‘separation of A¢=5.9
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12.  a) Angu]ér distributions for the quasielastic
production of 12C* (7.6 MeV) and 12C* (9.6 MeV) at
three bombardiné energfes. b) The summed cross section for
the angular distributions in a). |
13. 'é) Summed energy spectrum for the.redction
208Pb(12C;aa) at a 12C.bombarding energy of.187fMeV.

The average vertical angular separation of the two particle

~telescopes was A$p=5.9°. . b)-e) Projected a energy spectra

for total aqta, energies fa]]ing within the gates

indicated in a).

T4. Summed energy spectrum for the reaction
208Pb(12C,aa) at a 1% bombarding énergy of 230 MeV
and a detectorbsystem 1dcation of e1ab=]4°. The average
vertical angular separation of the two‘particle telescopes
Was A¢§10.9°. Projected o« energy spectra arevbeneath the
total enefgy spectrum. The projected spectra correspond to
the energy gates indicated. | |

15. Monte Carlo simulation of the expected projected

“energy spectra of o+ coincidences which arise from the

8Be.(2.9.4 MeV) for thfee detector configurations.

decay of
An ejectf]e kinetic energy of 150 MeV:was'assumed. Parts
a), b) and c) indicate the different center-to-center
telescope separations, Ad.

16. Summed energy spectrum for the reaction 12C(12C,da)
at é 12¢ bombafding energy of 230 MeV and a detecfor system
location of 91ab=]4’5°‘ -The average vertical angular

séparation of the two particle telescopes was aA¢=5.9°.
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~Fig. 17. Wilczynski-type diagram for the production of

8Be(g.s.) nuclei for the system 132 MeVV12C+208Pb.

The solid curves indicate contours of constant cross section.

Fig. 18. Wilczynski-type diagram for the production of

8 12,208

Be(g.é.) nuclei for the system 187 MeV C+ Pb.:

Fig. 19. Wilczynski-type diagram for the production of

8Be(g.s.) nuclei for the system 230 MeV 12,208p

Fig. 20. Angular distributions for the production of

12,208

88e(g.s.) nuclei for the system Pb at three

12¢ hombarding energies: 132, 187 and 230 MeV.

Fig. 21. The production probability of 8Be(g.s.) nuclei

versus the distance of closest approach, Rmin’ for the
1204208p, gustem at three bombarding energies: 132, 187,
and 230 MeV.

Fig. 22. The total production cross section of'8Be(g.s.)

nuclei for the 1204208py, system at three bombarding

energies: 132, 187 and 230 MeV.
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Table Captions

1. Detection system geometry for the three, partic]e—te]escope
systems. Refer to fig. 3 for the telescope numbering scheme.

2. Detection efficiency of a*2a evehts resulting from the
sequential decay of 12C* for a total kinetic energy of 221

MeV. Dashes indicate transitions which are expected to bé weak.

See also fig. 3.
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Table 1. The Detéction System Geometry

Collimato Radial

Distance? Distance: Angular

Qut-of-Plane: Target to Separation:

_ Upper Lower Telescope Center-to-Center
Telescope Limit Limit Center (deg.)
(cm.) (cm.) Tel.l Tel.2. Tel.3

1 -0.175 -~1.0 11.52 - 5.9 16.8
2 1.0 0.175 11.52 5.9 - 10.9
3 ~3.19 2.49 11.85 _ 16.8 10.9 -—

‘a) The collimator width for all telescopes was 0.6 cm.
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Table 2. The Percentage Efficiency of -“C” Detection
12 |
[E("°C) Beam = 230 MeV]
System _
Telescopes Telescopes Telescopes
_ 1-2 1-3 2-3
CEx(12C) MevV a. b. a. b. a. b,
7.66 820 -—— 0. ——- 0. i
9.64 .199 -— 0. — .221 —_—
10.8 .127 — .045 _— .084 -_—
11.83 -—— .020 -—— .015 _— .015
12.17 —— 0N —— .007 - _— .010
14.08 .~ .007. == 006 = -=—  .005
16.11 -——  .004 -——  .003 -—— .003
a. o + 8Be (g.s.) defection.
b. o + 8

Be (2.94 MeV)vgétect7bn.
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