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Abstract

A high resolution study of the breakup of 16O and 20Ne has been
made at 9 MeV per nucleon. The experimental configuration preferentially
12C and
0 and
, respectively. The experimental technique and the reaction

detects sequential breakup events. The dominant source of a-
16 16
-

ZONe

0 coincidence events is the decay of excited states in

mechanism leading to sequential breakup are discussed.
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1. Introduction

Over the last few years there have been many experimental
investigations of heavy-ion breakup yié]ding both inclusive and
coincidence data [1-10] on a wide range of targets over a wide range of
energies. These experimental investigations‘have been spurred by
considerable theoretical interest in the reaction mechanism and in the
evolution of heavy-ion reactions with bombarding energy [11-17].

Inclusive measurements, while valuable in investigating global
dependences of heavy-ion reactions on energy, angle and'Q—va]ue, do not
provide conclusive evidence on mechanisms. Coincidence experiments are
expected to yield much more detai]ed information on the reaction _
mechanism. A problem, however, is that coincidence experiments can be too
specific: they may cover only small regions of the phase space available
to the final'state. Ihdeed, several reaction mechanisms may be involved
[7, 18-21] in the production of 1ight‘parfic1es inyéoinéidence wfth heavy
fragments. One of these mechanisms, called sequehtia] breakup, has been
clearly identified by several high resolution coincjdence experiments [4,
5, 22-25]. In sequential breakup, projeéti]e—]ike'nucléi'are formed in
particle unstable states that subsequently decay into a heavy fragment and
a light fragment. The latter is usually an alpha particle or proton
although neutrons would also be expectéd. In a few cases [4, 9, 22, 23]
it has been shown that sequenfial decay is reéponsib1e for a large part of
the coincidence cross section and that it cohtributes'heavi1y to the
inclusive ejectile yields [4, 9]. It is still an open questionvto what
extent this conclusion is valid when the ejéctf]e is much lighter than the
projectile, dr when the‘beam energy is substantially higher than 20 MeV/A.

In this paper we address the problem of attaining a better
understanding of the sequential component. A good understanding of this
component is necessary to enable it to be identified and separated from
other mechanisms. ' | - ) '



We describe an experimental technique which is specifically suited to
study this component. Consequently we cannot address more global
questions, such as the relative importance of this component to other
mechanisms. However, our data, which have high energy and angular
resolution, do allow us to reach some definite conclusions on the
mechanisms leading to the sequential component and also on the dependence
of this component on energy, angle and Q-value. o

In this paper we present the experimental technique in detail and an
overview of the data for reactions induced by 16O on targets of 12C,
13C and 2851 at 140 MeV and for reactions induced by 20Ne on a 12C
target at 175 MeV. A more detailed analysis of ~some of these data along
the lines of ref..[26] will follow in subsequent papers.

induced reactions are discussed in section 3.1 and those induced by

The experimental details are described in section 2. The

20Ne

in section 3.2 We present our conclusions and discussion in section 4.

2. Experimental Method and Data Reduction

2.1 Experimental Setup

The oxygen and neon beams were provided by the Lawrence Berkeley
Laboratory 88-Inch Cyclotron. Solid, self supporting targets of natural
carbon (275ug/cm2), 13¢ enriched to 99% (285ug/cm2) and 28s;

(SOOug/cmZ) were used. Light particles (alpha particles and protons)

were detected in coincidénce with heavy ions in a position-sensitive
detector telescope consisting of a 185um Si AE detector and a 4970um
Si(Li) E detector (see figure 1). This telescope also recorded-the
horizontal position (E detector) and the vertical position (AE detector)
of the 1ight ions. It had an active circular area of diameter 40 mm. The
heavy-ion telescope consisted of a 40um AE detector which recorded the
horizontal position and a 1500umE detector which recorded the vertical
position. The active diameter of this telescope was 8mm. An aluminum



absorber foil (50mg/cm2) placed in front of the Tight-ion telescope
stopped eTastica]]y scattered partic]es._ The absorber, combined with the
thickness of the AE detector, effectively prevented particles with Z>2
from being recorded by this telescope. The light-ion and heavy-ion

- telescopes were placed at 20cm and 15c¢cm from the target, respectively, on
opposite sides of the beam. 160 on 12C and 13C, data were taken

in two heavy ion angle sett1ngs of 8.75° and 13°, with the center of the
light-ion te]escope at 10 5° 16O on 2851, and 20Ne on 12C

data were taken for on]y one heavy ion ang]e viz 11°, with the Tight-ion
telescope again at 10. 5°

The circular position-sensitive detectdrs [27] used in this experiment
have a non-kinear position respons?. To calibrate these devices, grids
consistfng of brass plates containﬁng regularly spaced holes were placed
in front of the detectors before and after the experiment.” The position
spectra obtained with the grids in place (see figure 2) and a calibration
procedure qsing fifth order polynomials enabled the determination of the
polar dnd azimuthal dng]es for eaﬁh particWe.

2.2 K1nemat1cs

In this experiment the energies of the two particles are measured,
namely ELI and EHI‘ Provided the reaction mechanism is predominantly
ejectile breakup it is then convenient to transform the data to two other
variables. The appropriate variables are the 3-body Q-value, Q3, and
the LI-HI relative kinetic energy, Ere]
excited ejectile. In terms of these variables the 3-body kinematics
reduce to quasi two-body kinematics, which greatly simplifies an otherwise
complicated problem. The 3-body reaction Q-value is calculated using
conservation of momentUm and energy assuming a 3-body final state. This
approach is also valid for 4 or more body reactions if all undetected
particles are considered together and assumed to correspond to a single
residual nucleus with appropriate kinetic and excitation energies.

, in the rest frame of the



We have (non-relativistically)

P + P +P .-
recoil T PHI * PLI = Pbeam (1)
(KeEu) pagoiq = (KeE)pp * (KEW) [+ Qg = (KEL)p 0 (2)

The first equation can be used to calculate (K.E. )recoi1 and then the
second equat1on defines 03 A schematic Q3 spectrum is given in

figure 3. For low values of 03 the peaks correspond to6 excited states
in the recoil (undetected) nucleus. At more negative values of Q3,
peaks corresponding to bound states of the detected heavy ion appear.
These are broadened due to gamma-ray decay in flight. Finally, at even
more negative 03 values, excited states of the light ion could appear -
again broadened by gamma-ray recoil.

The relative kinetic energy of the light and heavy ions can be
obtained from a 3-body kinematic analysis of each event. The simplest
approach is to calculate the relative velocity directly,

v v v (3)
rel — ]abLI ]abHI

The cosine rule yields

E (1/(MLI + MHI)) X

rel ~

[M,, x E +M

X E
HI la bLI

LI lab

HI

-2 E
\/ HI LI 1abHI E1abLI X COS QHL]

-

T
where OhL is the angle in the laboratory between VLI and VHI' A
schematic Ere] spectrum is given in figure 4.



For events havingrall final particles in their ground states, i.e.,
corresponding to the first peak in the 03 spectrum and often referred to

as Q the excitation enérgy_of the excited .ejectile breakup is

999’
related tO‘Erel by

Ex = Ere1 * Ethresh (5)

where E h is the threshold energy for breakup of that nucleus into

thres
the observed channel. For events corresponding to other peaks in the 03

spectrum there may be_some»ambiguity jn Ex‘ For peaks in Q3'f0r which

*
Qqq3 < Eyp

999"

*

H
is valid and unique. For

where E I is the first excited state of the héavy ion, equation (5)

*

Q3 2 By

Qggg'

there will generally be an ambiguity so that peaks in Ere] cannot be

uniquely identified with excitation energy. This is illustrated
schematically in figure 4b by the shaded peaks.

2.3 Energy Resolution

2.3.1 Random Errors

In this type of experiment the energy resolutions obtained‘for '
Q3 and E. differ considerably. Since Q3 ~ ELI + By - EBEAM’
all the usual contributions influence the Q3 resolution., By differen-
tiation and quadrature '
2
)

(805)% = (a€ )% + (aByp)® + (aEy



Hence, detector resolution, beam resolution, energy straggling in the
target, effects of differential target thickness and kinematic shifts from
beam spot size, and beam divergence all contribute approximately in
guadrature to AQ3. There may also be an additional contribution from

the kinematic-shift arising from the finite position resolution of the
detectors. Our Q; resolutiOn is typically 750 KeV.

In contrast, for EFe] there are strong correlations between many
of these errors and, it turns out, considerable cancellation of various
contributions yielding resolutions of 100-300 KeV for Ere] in our
experiment. First, Erel by definition must be independent of beam
resolution and beam divergence. Since

Yee1 = Vi1 * Vhr = 2 Vg Vhp cos ey, (6)
then

Vee1 dVpey = Vg dVpp - Vyyp cos ey dV - ' (7)

With reference to figure 5 where two possible decay configurations are
shown, for configuration a) we have VHI coseéLz VLI' Hence
Vreldvre1<<vLIdVLI' Similarly we can obtain Vreldvre1<<

VHIdVHI. So the resolution for Ere] depends weakly on the resolution

for ELI and EHI for configuration a). However the resolution for
Ere] does depend on the accuracy of the measurement of oL '

dEper “VM MyrEyELy sin oy dey (8)

For the second configuration shown in figure 5 a similar analysis shows
that the o, does not contribute so that the E .., resolution is
determined by the E, ; and EHI resolutions. )



~ Most of our data correspond to configuration a) of figure 5, so
that oy resolution is 1mportant Hence pbsition sensitive detectors
are needed. Simple calculations show that the eHL resolution is
dominant in determining our Ere] ‘résolution for most of the ‘data. ' Note
~ that oL is not just the in-plane angle between VLI and VHI Thus,
for detectors with significant height, a y position measuremént is needed
to get good o resolution. However for large oL this out of plane
angle enters only in second order (~ y /e2 )

The cancellation discussed above that reduces the contribution of

the (random) detector resolution contributions to AEHI nd AELI and
thus to AEre] does not necessarily apply to corrélated errors.
Target-related resolution effects will have some degree of correlation.
However, one can probably apply the above analysis to most of these
effects also.

A complication in attempts to estimate the expected Ere
resolution arises from the dependence of the pos1t1on resolution on the
amount Qf energy déposited in the detector. This is most severe for the
light-jon telescope where comparatively small energies are deposited in
the detectors. It is important for light-ion energies encountered in
configuration a) that one of the detectors in the light-ion telescope be
able to detect alpha particles with energies as Tow as 5 MeV. This can
put a constraint on the ‘AE thickness ard influence the choice of which
detector (AE or E) measures the horizontal position. A final contribution -
to the E_ resolution comes from the beam spot size. This can
contr1bute to errors in S that cance1 to f1rst order for detectors
equ1d1stant from the target '

2.3.2  Systematic Errors

Various systematic errors can arise in the energies calculated in
this experiment. These include errors originating with a AE-E
miscalibration, EHI"Ea miscalibratioﬁ; dead 1ayers in detectors,
insufficient charge collection, ionization defects, energy loss in the



target, correction for energy loss in absorbers etc. We made all our
relative calibrations with a pulser and a charge terminator. However,
comparison of this calibration with that obtained using a sources revealed
some of the above problems at the level of 0.5-1 MeV. These errors are
exaggerated in the calculation of 03 and'Ere], making 03 and Ere1'
dependent on other variables. - To overcome this problem, a small empirical

correction of the form
E' = of + g(PI)/E0"7

was applied after all other corrections had been'made. The particle-
identification signal is defined by

PI = k ’\/(AE +E )7 gl T« p0772

The use of the PI signal in this formula makes the second term in the
correction, determined by 8, independent of pa?tic]e type. The values of
a and g were varied to make the Q3 and EYe] peaks simultaneously
independent of all other variables. Typically « ~ 0.98 to 1.02. The
value of B depends on the normalization of the PI signal.

In this paper the spectra were calculated without the above
empirical adjustment. However the energies quoted are those obtained
after this empirical correction. The most significant effect of this
correction is on the resolution obtained in the experiment. It has a much
smaller effect on the calibration.

This discussion reveals the importance of carefully correcting the
light-ion energy for the energy lost in the absorber. In principle it
would be best to avoid the use of an absorber. However in practice it
allows a much higher coincidence rate using a very large light-ion
telescope. Some of the energies we have quoted previously [22, 23] have
been in error due to errors in the absorber correction procedure. For the
data reported here a range-energy [28] lookup table was used to correct
these energies.



2.4 Cross sections

In this paper}neTWilizpresent some“angu1ar distributions for the
inelastic excitation of 160 to the 11.52 MeV state which subsequently a
decays. Fuchs [29] has d1scussed the general problems of coord1nate and
Cross sectwon transformat1ons between d1fferent reference frames. Here we
d1scuss a few po1nts of re]evance to our exper1menta1 setup '

. F1gure '6 defines the polar (and assoc1ated az1mutha1) angles in
v,th1s exper1ment relevant to a sequent1a1 decay mechan1sm. These are ’
Ce* lab (@* 1ab) the laboratory angles of the excited nucleus before it

) decays (cf two body reactions) and w(x) the angle of the relative velocity
V ol with respect to the beam (or w* (x*) w1th respect to the ejectile
d1rect1on in the 1aboratory) Correspond1ng to °1ab (¢1ab) we

‘have thé’ ang]es e and ¢

To ca]cu]ate the doub]e d1fferent1a1 cross section in these
var1ab1es the easiest way to proceed is to bin the events d1rect1y in
terms of these variables. By conservat1on of number of events this must
yie1d the correct answer. However, various "cuts" 1n the 1aboratory
system, viz., detector boundaries and detector energy thresholds, result
in comp11cated mu1t1—d1mens1ona1 cuts in the e* SB*, 0, X space. These
boundaries must be determ1ned and for those b1ns crossed by these
boundaries the cross section obtained is mean1ng1ess Only the bins which
lie complete]y inside the boundaries w111 y1e1d correct cross sections.
Thus, th1s 1s a d1ff1cu1t task

An a]ternative is to bin the data in the laboratory where the
ucuts" are simple and easily handﬁedb ‘This method was used in the
ana]ysfs here. The detectors were subd1v1ded 1nto vertical strips whose
area is known. The double d1fferent1a1 cross sectlon was calculated for
each pair of strips. (we are thus neg]ect1ng any out-of-plane dependence
by averaging over the height of the strips). Event by event, we stored
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for each pair of strips the number of counts, N, the polar angle of the
excited ejectile, Zecm’ Zecm, Ty¥, zw*z and ZJ where
J=J (e*@*,y* x*) is the Jacobian for the transformation from the variables

EHIGHI¢HIELIQLI¢LI to Ere]’ Q3, e*,¢*, y*, x*, as given by Fuchs [29].

The cross section at B> = zecm/ZN and < y*> = gyp*/IN is
then given by ZJ, apart from the normal target and beam integration
related factors. From <9*2> and < w*2> an estimate of the spread of

the data points over these variables can be obtained. Finally, those
cross sections with <y*> close to the limiting values set by the energy
and angle thresholds must be discarded. The relation between the energy

and angle threshold and ¥* is given in figure 7.

A disadvantage of this method is that the values <e*>, < y*>
obtained do not 1ie on a regular grid allowing easy manipulation or
presentation of the final cross sections. This is a significant probliem
if large amounts of data are to be analyzed.

A compromise solution has been.presented in ref. [26]. This
involves two new main steps. ~One is the use of an axial coordinate system
with the Z axis perpendicular to the reaction plane rather than a
spherical coordinate system. The second change is that the Jacobian is
approximated by the inplane Jacobian. (This is in addition to the neglect
of out-of-plane effects as discussed above). The technique involves
binning the data into eAX'and wAX directly in regular bins while using
a Jacobian to transform the out-of-plane volume elements d¢1d¢2-e
dg*dx. Detector boundaries and energy cuts in the laboratory now only
require the identification of a two dimensional boundary in the .
eax— wAX plane. This is.a manageable problem. The only disadvantage
of this technique is found at angles close to e* = 0° (spherical). Here
the axial coordinate system is unphysical. However, axial and spherical
coordinate systems are almost identical in-plane away from 0°. Further
details are to be found in ref. [26].



::17£M3;1;1 The breakup of

11

Both the: above methods are approximately valid only in the in-
plane limit. Both break down for detectors with significant height and
for very small Ere] values and small TR ‘However they have been
checked with Monte-Carlo simulation and appear to be sufficiently accurate
for most purposes.’ ' S

-3.. " Experimental Results

16O Induced Reactions

16

0 into 12+

. .In figure 8 we present Q3 spectra for the breakup of 160 into

C + a'on the three targets 120,'13C and 28si for o = 10.5°
and o, = 8.75°.  TheseVSpectra show peaks corresponding to excited
states of both the target and the detéttedflzc jon. For more negative
»Q;va]ues a cdntindum s observed on all targets. E.op SPectra are
presented in figure 9 for events corresponding to Qggg = - 7.16 MeV,
which leaves all three final particles in their ground states. With all
targets, states in 16O with excitation energies of 9.83, 10.33, 11.04,
11.47, 11.98, 12.38, 12.98, 13.81 and 14.75 and 15.33 and 17.76 are '
populated. The spectra are almost identical for each target. There is a

12

very close correspondence between the states observed in these data and
those observed in 160(a,a') at 105 MeV [30]. A very preliminary
analysis: of the double differential cross sections using the empirical
approach -discussed in ref. [26] confirms further that the spins of the
states excited in this expeggment also have a one-to-one correspondence
Ofa a').

with those assigned in the

This correspondence suggests that the mechanism involved here is
direct inelastic scattering. Further evidence comes from the angular
distributions. We have analyzed the angular distribution for the 11.52
MeV level for reactions on 120 and 13C. These are shown in figure
10. Here do* is a solid element angle corresponding to the variables (e*,

¢*) and dﬂ*w to the variables (y*, x*).
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Here we have binned the data as described in section 2 and plotted the
double diffefential cross section as a function of <e*> and <cos y*>.
Groups of data points for which x-0.5 < <cos yp*> < x*0.5 have been plotted
' together with a line drawn through them to guide the eye.

A strong diffractive structure is observed for both targets. This
is conclusive evidence for the direct nature of the reaction mechanism.
The shift of this diffractive structure with y* is reproduced by DWBA
calculations and can be used as an independent guide to the spin of the
state [26]. '

It is not possible to make conclusive quantitative statements on
the relative strength of excitation of states from a given Ere1‘
spectrum. The total solid angle subtended in the center-of-mass frame
varies rapidly as a function of Erel’ peaking somewhere near the center
of the spectrum. In addition, as the analysis in ref. [26] shows, the
double differential cross sections are considerably structured so that the
count rate can vary rapidly as a function of o1 and o 1° Only
general comments of a qualitative nature can be made.

For more negative Q-values we show in figure 11 typical spectra
for the breakup of 160 on 13C. The data on 12C and 2851 are very
similar. In these spectra we see a new peak at Erel = 5.59 MeV which
corresponds to a state in 160 at 17.15 MeV that decays to the 12C
4,44 MeV, 2+ level. The spectra in figure 11 for negative Q3 gates show
other notable features. We observe a peak at Ere1=2'3 MeV (channel 57)
that can be associated with the decay of the 13.87 MeV state in 16O to o
+ 12C (4.44 MeV, 2+). Note also that the peak associated with the 11.10

16O exhibits a low energy shoulder in the spectrum for

MeV state in
7'16<_Qf<17'5 MeV. This unresolved peak can be associated with a decay

to the 2C 4.44 MeV 2+ state, viz., that of the 15.41 MeV state in 160.
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A feature of the spectrum corresponding to 17.5<—Q3<27.5 MeV is
that only states at 9.85, 10.35, 11.10, 13.87 and 14.83 MeV are strongly
excited while the state at 11.52 MeV is popu]aped more weakly. This is to
be contrasted with the results for 7.16:<-Q3<17.3 MeV. This is a feature
which we have discussed previously in another publication [23]

Much of these negative Q-value data can thus be associated with

160 which decay to -

the excitation of states at high excitation- in
excited states of 12C and with mutual excitation involving both
projectile and target nuclei.. We anticipate that much of these data can

therefore be explained by direct inelastic scattering.

Above the 4-body threshold, our data take the form of inclusive
data for a quasi-3 body reaction where one of-the nuclei might be 16O*.
("quasi-3 body" implies that one nucleus is produced in.an excited state

which is particle unstable.). For .example the-continuum region could

correspond to reaction in-which an excited ZONe is formed which

12

sequentially decays to ~"C+2a. Just as for true singles inclusive data

we cannot reach any definite conclusions in this case.

3.1.2  The Breakup of %0 into I°N + p

Other breakup channels are open for the inelastically excited

16 15N,p)

0 nuclei produced in these reactions. In figure 12 we-show (
coincidence data for 12C and 13C targets. |

We see for the Qggg spectra the same states as .in 160*f+

CI;.» The cross section for mutual excitation_(Q3=Qggg-4.44 MeV)

on ~~C appears-very small. -The mutual excitation is stronger on

13C (Q3=Qggg—3.68 MeV). Here-we see a triplet.of narrow states at ..
12.99, 13.09 and 13.28 MeV. We associate these with some members of the
T=1 quadruplet known at this excitation. This reaction is analogous to

charge exchange (cf(l60,16N)) but with ATZ=0.

12
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3.1.3 The a pickup reaction to 20Ne

16 16

0-a coincidences obtained with the =70

28

Q-value spectra for

beam on targets of 12C, 13C and

general the Q3 resolution, without the empirical corrections discussed in

Si are shown in figure 13. In

section 2, is not adequate to resolve states in the residual nuclei 8Be, .
9Be and 24
peak is observed that corresponds to events in which the 160 nucleus has
been left in one of is excited states above 6 MeV. In fiqure 14, spectra
of Ere] are shown for events in which the final state 160 was left in

its ground state. These spectra are qualitatively similar. States in
20Ne are excited at 7.29, 8.49, 8.84, 10.16, 12.03, 12.64, 15.34, 16.70,
and 17.23 MeV. In figure 15 we compare these a—160 coincidence data
from a 13C target with singles data for the same reaction wth target and
160(13¢,%e)PNe. The similarity

here indicates that a-transfer is the mechanism leading to 160-a
coincidences via sequential breakup. Again further confirmation comes

Mg, respectively. However, in all spectra a strong broad

projectile interchanged, viz.,

from a preliminary look at the double differential cross sections, which
show diffractive structure and contain information on the spins of the
states excited in 20Ne. For more negative Q-values the data are
consistent with the excitation of states in 20Ne which decay to the

6 MeV states in 160. No statement can be made concerning the continuum.

3.1.4 Triton transfer, a decay

As a final example we show a spectrum of 15N—a coincidences, for
?=Qggg' This spectrum (figure 16) shows peaks cgrresponding to states in
9F. These states have also been'seen in Li-induced 3-particle transfer
reactions on 160 [31];"Thus;7the mechanism is probably direct-
three-particle transfer followed by particle decay.
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In conclusion much of the data we have for breakup reactions
induced by 16O appears to arise from direct reactions, many of which
have been studied by other means, followed by a decay or proton decay. It
is not inconceivable that much of the continuum we see arises from direct
reactions which excite states which will subsequently emit two particles.
The kinematics of such reactions will be quite different from those of the
single evaporation reactions both because of the greater recoil imparted
to the heavy nucleus and because the decay qorre]ations will be quite
different. This possibility has not recéived_a great deal of attention.

16

20Ne breakup into 0 * a

3.2

Figure 17 shows the Q-value spectrum for the breakup of ZONe

into 160+a. This spectrum has the same characteristics as.these for .
160 breakup. In figure 17 we show the spectrum of E rel for

Q=Q g =—4.73 MeV. Many: states_1nv20Ne are excited. These 1nc1ude
states at 6.73, 7.16,.7.37, 7.78, 8.44, 8.79, 9.01, 9.44, 10.26, 10.80,
12.05, 12.72 and 15.37 MeV.

For ?ONe there are no high resolution (esa') data.to compare

with. Although the double differential cross sections for these data are
too incomplete to make a detailed éna]ysis (there is only oné HI-o angle
comb1nat1on) they do show the same diffractive structure. Thus, the
results are consistent with our overa]] picture of the reaction mechanisms
involved. The advantages of us1ng:pos1t1on sensitive detectors can be

seen by comparing this spectrum wth those found in ref. [4].

4, Discussion and Conclusions

16

We have presented experimental results for the breakup of ~70

and 20Ne on various Tight targets. We have discussed in detail the
experimental techniques used to obtain high resolution. This experimental
set-up is particularly well suited to study the sequential breakup

mechanism. The data obtained are consistent with the mechanism for the
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sequential component being direct in the first step and producing excited
nuclei that subsequently decay by a]pha—partic]e'or proton emission. We
would also expect substantial cross sections for direct reactions leading
to excited states that decay by the sequential emission of two particles
and thus contribute to the continuum in our spectra. Other possible
origins of a-HI coincidences involving direct reactions are mutual
inelastic excitation, in which both nuclei are above particle thresholds,
and transfer reactions on to the target. The latter can produce light
particles either from the target (by excitation of particle unstable
states) or from the ejectile (which could also be left in a particle
unstable state.) '

Similar measurements of 180 on 12C have shown that the
double-differential cross sections for these direct reactions are
complex - although they display a simple systematics and are well
predicted by DWBA and the Strong Absorption Model [26]. Clearly these
cross sections must be understood in order to identify and account for
sequential breakup in searches for other reaction mechanisms.

Finally we remark that the technique presented here provideé a
very powerful tool for studies of direct reactions with heavy ions. The
high resolution combined with the spin and reaction mechanism information
that can be obtained from the double-differential cross sections [26] make
it an attractive technique. Indeed such a program is underway at the NSF
Daresbury where the technique is refefred to as Resonant Particle
Spectroscopy [32]. '

We would like to thank Dr. R. K. Bhowmik for many fruitful discussions and
for help in the analysis of the angular distributions. This work was
supported by the Director, Office of Energy Research, Division of Nuclear
Physics of the Office of High Energy and Nuclear Physics of the U.S.
Department of Energy under Contract DE-ACO03-76SF00098.
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Figure Captions

Schematic of experimental setup. The light-ion telescope

4

detected p, d, t, 3He and 'He.

A typical position spectrum from the E detector of the «

telescope with calibration grids in position. The grid

consisted of 1 mm diameter holes spaced 2 mm apart. One
aperture was reduced in area for idéntification.

A schematic Q3 spectrum illustrating the various possible
components. . | |

A schematic illustration of the ambiguity in associating peaks
in the Erel spectrum with a unique e*citation energy in. the
ejectile. The schematic spectrum a) corresponds to finé] states
in which all three particles were produced in their ground
states. These events may be selected by requiring

Q3 = Qégg‘ At more negative Q-values it may.not be possible
to determine from the measured Q-value above (because of finite
experimental resolution) whether the detected heavy ion was
produced in its ground state. In this case additional peaks, as
indicated by the shaded areas in b) and correspohding to excited
states of the detected heavy ion, enter the spectrum of Ere]

and may cause ambiguities in the determination of the excitation
energy of the ejectile. |

Two different decay conf{gurations used tordiscuss the various

contributions to the Ere] resolution.

Fig. 6 Definition of the angles used in determinihg the cross sections.
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The relation between cuts in the angle ¥ and the detector energy
threshold and angle threshold. Cross section calculations near

¥ and ¥, are unreliable.

16 12 12, 13

Q3 spectra for 0 C + « on targets of "°C, "°C and
28,

€.y spectra for 1% 12 + o for Q, = -7.16 MeV on
targets of 12¢, 13¢ and 25si.

Angular distribution for inelastic excitation of 16O to 11.52
MeV. Here e* is the center-of-mass angle of the 160* and y*
is the angle oflv;e] with respect to the 16O* direction in
the lab. The sets of data inserted with <cos y*> = x
corresponding to data sets for x-0.5 < <cos y*> < x+t0.5. The

lines are to guide the eye.

Ere] spectra fr 160‘“’12C + a on 13C target for negative
Q3 bins.

Ere] spectra for 160'-+ 15N+p on 12C and 13C.

Q3 spectra for 160—a coincidences with 16O beam on 12C,
13¢ ana 28s;.

Erel spectra for 20Ne'—>160 + a coincidences with 160
beam. The fihal 16O is in its ground state.

A comparison of o - 160 coincidence data on a 13C target

with singles data (ref. [33]) for the same reaction with target
and projectile reversed.

Ere] for 15N—a coincidences. All final particles are in
their ground state.
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16O + a in 20Ne breakup on a

Fig. 17 Q spectrum for 20y,
| 12C target.
Fig. 18 Ere] spectrum for 20Ne »-160+a. A1l final particles are

in their ground state.
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